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FLEXIBLE MICRO-BATTERY

CROSSREFERENCE TO RELATED APPLICATIONS

This patent application claims the benefit of Udiftates Provisional Pate4nt
Application No. 62/487,272 filed April 19, 2017 arsda continuation in part of United States
Patent Application 15/326,161, filed January 13, 2Qvhich in turn claims the benefit of United
States Provisional Application No. 62/016,851 filedy 21, 2014. The contents of each are

herein incorporated by reference.

BACKGROUND OF THE INVENTION

Field of the Invention
The present invention generally relates to actelehemical battery, and more

particularly to a biocompatible micro-electrocheaticell.

Description of the Related Art

Recently, the number of medical devices and theictionality has begun to rapidly
develop. These medical devices may include, fomg@, implantable pacemakers, electronic
pills for monitoring and/or testing a biologicahittion, surgical devices with active components,
contact lenses, infusion pumps, and neurostimafmided functionality and an increase in
performance to many of the aforementioned mediegicgs have been theorized and developed.
However, to achieve the theorized added functignatany of these devices now require self-
contained energization means that are compatilifethve size and shape requirements of these
devices, as well as the energy requirements afi¢ikeenergized components.

Some medical devices may include electrical comptsnguch as semiconductor devices
that perform a variety of functions and may be mpooated into many biocompatible and/or
implantable devices. However, such semiconductompaments require energy, and thus
energization elements may preferably also be imdud such biocompatible devices. The
topology and relatively small size of the bioconiplatdevices may create challenging
environments for the definition of various functidities. In many examples, it may be important

to provide safe, reliable, compact and cost-effeateans to energize the semiconductor
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components within the biocompatible devices. Therefa need exists for biocompatible
energization elements formed for implantation withr upon biocompatible devices where the
structure of the millimeter- or smaller-sized eneagon elements provides enhanced function
for the energization element while maintaining liopatibility.

One such energization element used to power aelevay be a battery. When using a
battery in biomedical type applications, it mayitmportant that the battery structure and design
accommodate aspects of biocompatibility. Therefaneeed exists for novel examples of
forming biocompatible batteries for use in biocotitda energization elements that may have
significantly improved containment aspects.

There are several micro-batteries which have beggaldped, some of which are
designed to be implantable or otherwise associaittda medical or other device that require a
power source for operation. For purposes of thesi$igation, a micro-battery is defined by its
relatively small dimensions. Specifically, at lease dimension (that is the length, width or
thickness of the battery) shall be less than oriemeter (1.0 mm), and a second dimension shall
be less than one centimeter (1.0 cm), whereasdiuene of the micro-battery shall be less than
0.003 cc or three thousandths of a cubic centimeter

It is possible to prepare batteries with these dsrans by additive manufacturing , by
winding the electrodes, or by picking and placictv@ materials into place. These batteries can
be made in a variety of shapes, including cylirlriprismatic, or arcuate shapes. When
biocompatible materials are used for the miniaedipower source, the power source is
biocompatible. For example, carbon-zinc battemét) a zinc salt electrolyte, zinc negative
electrode, and manganese dioxide positive electadde biocompatible.

There exists a need for a micro-power supply thaiocompatible, may be used in
medical and other small devices, and that is capafolepeated or continuous operation by
providing required energy while the device is belmgnt, flexed or otherwise manipulated and

after such manipulation.

SUMMARY OF THE INVENTION
Accordingly, improved, flexible micro-batteries adésigns for use in biocompatible
energization elements have been disclosed. Mictieies used in ophthalmic medical devices

may have unigue and challenging requirements ssitheaneed for mechanical robustness, a
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degree of flexibility, and biocompatibility. A caattt lens using a micro-battery may require the
battery to possess the qualities of the lens bynlgaar long shelf life, having a measure of
flexibility and maintaining integrity and operalyliafter being manipulated, It may also need to
be biocompatible for the period starting with lemsnufacturing through the usage lifetime of
the lens. This period exposes the micro-battetii¢csaline solution within the lens, either
directly or through an intermediate layer, andrttiero-battery may need not only maintain its
capacity and ability to provide the required poweethe lens, but also be adequately sealed to
prevent leaching of the battery components. Thesdsions of a micro-battery make isolation of
the battery components particularly challenginghassurface area to volume ratio of the micro-
battery may be very high.

The micro-battery may be stored within an ophthellans for years, with the lens
containing the micro-battery stored inside of dex@ackage filled with a saline packing
solution. This storage environment is similar tongestored in sterile saline solution in which
the ophthalmic lens is immersed. This storage ¢amdand the environment of an ophthalmic
lens or other device in standard conditions mayireghat the micro-battery be designed to
tolerate a given environment without failure dueviater ingress through the packaging into the
interior of the micro-battery which may also leadstvelling. The micro-battery packaging may
have a measurable level of permeability. Osmo#ssgure differences may, therefore, be created
which may direct water to migrate into the micrdtbey interior. Often, conventional battery
electrolytes are non-aqueous and do not toleratstane contamination, or are highly
concentrated acidic solutions (for example, zinowtie) or basic solutions, such as potassium
hydroxide. Use of an electrolyte with a low salbcentration may be a possible solution to
reduce the osmotic pressure difference betweealéotrolyte and packing solution surrounding
a lens containing the micro battery.

Another issue related to biocompatibility and osmptessure is the pH of the
electrolyte. Typically, aqueous battery electratyteay not be biocompatible. In a typical
alkaline battery, the potassium hydroxide electmlg strongly alkaline to increase ionic
conductivity. In a carbon zinc or LeClanche cetis &cid pH of the electrolyte may strongly
influence hydrogen gas production on the zinc sef&trongly acidic or basic electrolytes are
not biocompatible. Many typical corrosion inhibg@such as mercury are not biocompatible

either.
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Many micro-batteries, especially those mass-prodiacehose needing biocompatibility
are encased in rigid exteriors. Their rigidity tygdly does not allow such batteries to be utilized
in flexible devices. Furthermore, the rigid casdesign limits the dimensions of the battery
which are possible, since a minimum casing thickmesequired to maintain rigidity.

Batteries utilizing conductive traces require bibixible traces and flexible substrates on
which to support the trace. Such flexibility is fiotind in materials compatible with an oxidizing
battery environment. Instead, the batteries optia art are typically constructed to be
generally immobile after being manufactured. Movetwd the battery may adversely affect
connections, sealing of the exterior and othenaféect the proper operation of the battery.

One general aspect includes a biomedical devidadimg an electroactive component, a
biocompatible battery, and a first encapsulatirygia The first encapsulating layer encapsulates
at least the electroactive component and the bipatible battery. In some examples, the first
encapsulating layer may be used to define a skatomntact lens, surrounding internal
components of an electroactive lens with a biocdriblgalayer of hydrogel that interacts with
the user’s eye surface. In some examples the natuhe electrolyte solution provides
improvements to the biocompatibility of the bioneadidevice. For example, the composition of
the electrolyte solution may have lowered electebyoncentrations than typical battery
compositions. In other examples, the compositioelettrolytes may mimic the biologic
environment that the biomedical device occupiesh s the composition of tear fluid in a non-
limiting example.

According to one aspect of the present inventiorglactrochemical micro-battery with
biocompatible components is provided that compraseanode, which may be cylindrical,
extending along a first vector and a generally atarathode extending along a second vector.
The second vector is generally parallel to sak&t frector, and the cathode is disposed from the
anode by a predetermined space. A cathode colleciiorelectrical contact with the cathode and
extends along the second vector. In an aspectatiede collector is positioned within the
cathode. The electrochemical micro-battery may misludes an electrolyte positioned generally
surrounding both the anode and the cathode antguei within the predetermined space to
provide ionic conductivity between the anode arttiade.

In an aspect, the electrochemical battery may énrtbmprise an anode current collector,

wherein the anode and the anode current colleotdn@nded in electrical communication. The
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anode and the anode current collector are posditmextend along the first vector in a first
stacked arrangement, and the cathode and saiddeathiorent collector are bonded in electrical
communication, and are positioned to extend albegsecond vector in a second stacked
arrangement. The first stacked arrangement anseitend stacked arrangement are separated
relative to each other by the predetermined spaseparator may be positioned between the
first stacked arrangement and the second stackadgament within the predetermined space.

Packaging may generally surround the anode, catlvatteode collector and the
electrolyte. Terminal ends of the anode may extaraligh the packaging along a first vector,
and the cathode collector may also extend throbgtpackaging along a second vector. The
packaging may have a generally uniform thicknes® gackaging may be customized and
accommodate an electrochemical battery cell wrsdbrimed into a desired shape in three
dimensions. The packaging may prevent water anderxynigration through said packaging. In
an aspect, the packaging may comprise a polymeedodth a metal oxide. The water vapor
transmission rate of the packaging may be lessthg@im2-day when measured at between 85
and 100% relative humidity and between 20 and 4Pea#s Celsius. Thus, in an electrochemical
micro-battery, with a volume equal to or less thaee cubic millimeters (3.0 mm3), having an
interior space which is encapsulated by biocompaphckaging, which in one aspect is
positioned in ion communication with a bodily fluior an artificial bodily fluid such as saline
solution, the packaging may act to inhibit masegfar between the interior space and the bodily
fluid or saline solution.

The electrochemical micro-battery may be shapedl ithree dimensions. In some
examples, the electrochemical micro-battery malude a planar shape as well as a shape
wherein both a first vector and a second vectoasreate, and wherein the first vector and
second vector are concentric to each other.

The electrochemical micro-battery may also incladeanode made of zinc. In an aspect
of the invention the anode may be a zinc wire. ddthode of the present invention comprises
manganese dioxide, a conductive additive matearad,a binder. The cathode collector may
comprise a wire shaped metal such as titanium andba positioned adjacent or alternatively
within the cathode. In an embodiment where theamlcollector is positioned within the
cathode, the diameter of the anode may equal tblkenkss of the cathode, so that the thickness

of the electrochemical cell equals the anode diametaddition to the packaging thickness.
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The first electrochemical cell of the micro-battengy operate as a single cell or be
connected to a second electrochemical cell in serngarallel to the first electrochemical cell. In
the series embodiment, the anode of the first mlelsemical cell may be electrically connected
to the cathode collector of the second electrocbaincell. The anode of the electrochemical cell
may be welded to the cathode collector of the sgebectrochemical cell to form a
mechanically secure and electrically communicatiognection. The micro-battery cells may be
independently packaged or the packaging of thediectrochemical cell and the packaging of
the second electrochemical cell may be joined dsrto a contiguous package. In an aspect,
when the second electrochemical cell is connecteeiies to said electrochemical cell, the
anode of the electrochemical cell is electricabymected to a cathode collector of said second
electrochemical cell, and the packaging of thetadebemical cell and the packaging of the
second electrochemical cell are joined as to fowardiguous package. In an aspect wherein the
anode of the electrochemical cell further includesanode collector in electrical communication
with the anode of the electrochemical cell, thedenoollector extends out of the electrochemical
cell and extends into the second electrochemidhlazel wherein the anode collector is
electrically connected to the cathode of the se@ectrochemical cell, and wherein the
packaging of the electrochemical cell and the pgickpof the second electrochemical cell are
joined as to form a contiguous package.

In an aspect, the volume of the electrochemicakbamay be equal to or less than three
cubic millimeters (3.0 mm3). The anode may havength extending along the first vector, and
a width and thickness extending perpendicular i f#at vector, wherein the width is greater
than the thickness, and the ratio of the lengtiméowidth is greater than twenty to one (20: 1).
The cathode may have a length extending alongettensl vector, and a width and thickness
extending perpendicular to the second vector, tldéwis greater than said thickness, and the
ratio of the length to the width is greater thamtie one (10:1).

In an aspect, the interior space of the microdpattnay comprise an aqueous neutral
electrolyte solution, such as zinc acetate. Theeotmation of the zinc acetate in the electrolyte
may comprise less than ten weight percent of dautrelyte (10 wt%). The pH of the electrolyte
may be between 6 and 8, wherein the packagingssi@oed in ionic communication with a
saline solution, the difference between the osnmssure of the electrolyte relative to the

osmotic pressure of the saline solution is less tea atmospheres (10 atm). The anode may
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comprise zinc and the cathode may comprise mangateside. The anode current collector
and the cathode current collector may each comptaeum, tantalum, platinum or other
electrically conductive, flexible, biocompatible teaal. The anode may include both zinc
powder, and a zinc article such as zinc foil extegdhe length of the battery, wherein the zinc
powder is in electrical communication with the zarticle.

The micro-battery may be constructed accordingrteethod comprising the steps of:
forming a cathode having a length and thicknes®reih the ratio of the length to the thickness
is equal to or greater than 50:1; attaching thiazs to a cathode collector which extends the
length of the cathode to form a cathode assembiynihg an anode having a length and
thickness, wherein the ratio of the length to thiekness is equal to or greater than 50: 1 ;
distribute an aqueous electrolyte around both tlogla and the cathode assembly to enable ionic
communication between the cathode and anode; asthglthe cathode assembly, the
electrolyte and the anode within a first and seqooidion of thermoplastic packaging. The first
and second portions may envelop all of the elegiph portion of the cathode assembly and a
portion of the anode to form a battery interior bded by sides of the battery interior, except to
enable an end portion of the cathode assembly modieato extend out of the battery interior at
both a first and second end of the micro-battezgjing the battery interior by heating the first
and second portions of the packaging along thelteoigthe battery interior sides, and sealing
the battery interior at the first and second enthefmicro-battery by sealing the packaging
around the extending anode and cathode assemllygaroving packaging external to the
sealed micro-battery. In an aspect of the methwafitst and second portions of the packaging
may be placed within an ultrasonic welder, andultrasonic welder may seal the first and
second portions of the packaging around the baittéeyior by sealing the packaging, and
cutting the packaging at the seal in one stepnlaspect, a separator may be inserted between
the anode and cathode. In another aspect, the amattached to an anode collector, and the
anode collector is positioned to extend out oftthttery interior at both the first and second ends
of the micro-battery.

These and other features, advantages, and objatis present invention will be further
understood and appreciated by those skilled irathby reference to the following specification,
claims, and appended drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exemplary cross-sectional view of lagteochemical battery cell taken
along a normal to the vector L (length);

FIG. 2 is an exemplary cross-sectional view ofalestrochemical battery cell taken
along plane normal to the vector H (height);

FIG. 3 is an exemplary cross-sectional represemtakiview of the electrochemical
battery cell of the present invention;

FIG. 4 is an exemplary perspective view of the tetehemical battery cell with the
packaging portion exploded;

FIG. 5A is an exemplary perspective view of thekaging portion of the
electrochemical battery cell, according to one edinbent;

FIG. 5B is an exemplary perspective view of thekagmg portion of the
electrochemical battery cell, according to anograbodiment;

FIG. 6 is an exemplary cross-sectional view ofaleetrochemical battery cell of the
present invention disposed in an ultrasonic weldixtgre depicting a method of sealing the
exterior packaging;

FIG. 7 is an exemplary cross-sectional view ofgshaped battery package illustrating
two cells in series in an arcuate shape;

FIG. 8 is an exemplary cross-sectional view ofgshaped battery package showing two
cells in series in an arcuate shape and highlightow the cells are electrically connected,;

FIG. 9 is an exemplary enlarged section of thetetat connection between the two cells
of the shaped battery package depicted in FIG. 8;

FIG. 10 is an exemplary exploded view of the etmtiemical battery cell showing two
cells in series in an arcuate shape, and a laddrbeam for sealing the cell packaging;

FIG. 11 A is an exemplary perspective view of stdistused to prepare the present
invention in the illustrative example;

FIG. 11B is an exemplary perspective view of aenm form of the cathode and cathode
collector assembly of the present invention asritesd in the illustrative example;

FIG. 11C is an exemplary perspective view of thta@ade and cathode collector

assembly of the present invention as describeldernllustrative example; and
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FIG. 11D is an exemplary perspective view of thespnt invention as prepared in the
substrate as described in the illustrative example.

FIG 12A-C illustrates examples of water storingdeas in a micro-battery cell.

DETAILED DESCRIPTION OF THE INVENTION

Methods of forming flexible micro-batteries withpmoved biocompatibility are
disclosed in the present application. In the folluysections, detailed descriptions of various
examples are described. The descriptions of exangpeexemplary embodiments only, and
various modifications and alterations may be apgarethose skilled in the art. Therefore, the
examples do not limit the scope of this applicatiorsome examples, these biocompatible

batteries may be designed for use in, or proxirt@tehe body of a living organism.

Glossary
In the description and claims below, various temas be used for which the following

definitions will apply:

"Anode" as used herein refers to an electrode tiravhich electric current flows into a
polarized electrical device. The direction of electurrent is typically opposite to the direction
of electron flow. In other words, the electronsiflixom the anode into, for example, an
electrical circuit.

Battery as used herein refers to an electrochempmakr source which consists of a
single electrochemical cell or a multiplicity oeetrochemical cells, suitably connected together
to furnish a desired voltage or current. The amlés/ be primary (non-rechargeable) or
secondary (rechargeable) cells.

"Binder" as used herein refers to a polymer thagjzable of exhibiting elastic responses
to mechanical deformations and that is chemicalipgatible with other energization element
components. For example, binders may include @active materials, electrolytes, polymers,
etc.In some examples, binder may refer to a substdraténodlds particles and / or particles +
liquid together in a cohesive mass.

“Biocompatible” as used herein refers to a matenalevice that performs with an

appropriate host response in a specific applicafon example, a biocompatible device does not

have toxic or injurious effects on biological syste
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"Cathode" as used herein refers to an electrodei¢fr which electric current flows out
of a polarized electrical device. The directioretectric current is typically opposite to the
direction of electron flow. Therefore, the electgdlow into the cathode of the polarized
electrical device, and out of, for example, thermmied electrical circuit.

“Coating” as used herein refers to a deposit ofemaltin thin forms. In some uses, the
term will refer to a thin deposit that substantiabvers the surface of a substrate it is formed
upon. In other more specialized uses, the termlmaysed to describe small thin deposits in
smaller regions of the surface.

"Electrode” as used herein may refer to an actigsesnin the energy source. For example,
it may include one or both of the anode and cathode

"Energized" as used herein refers to the stateiofgoable to supply electrical current or
to have electrical energy stored within.

"Energy" as used herein refers to the capacitygfysical system to do work. Many
uses of the energization elements may relate todpacity of being able to perform electrical
actions.

"Energy Source" or “Energization Element” or “Enegdion Device” as used herein
refers to any device or layer which is capableupiptying energy or placing a logical or
electrical device in an energized state. The enatigin elements may include batteries. The
batteries may be formed from alkaline type cellnotstry and may be solid-state batteries or wet
cell batteries including aqueous alkaline, aquemig or aqueous salt electrolyte chemistry or
non-aqueous chemistries, molten salt chemistrylul state chemistry. The batteries may be
dry cell (immobilized electrolyte) or wet cell (&eliquid electrolyte) types.

"Fillers" as used herein refer to one or more eamatipn element separators that do not
react with either acid or alkaline electrolytesnémlly, fillers may include substantially water
insoluble materials such as carbon black; coal; dwaphite; metal oxides and hydroxides such
as those of silicon, aluminum, calcium, magnesibanjum, titanium, iron, zinc, and tin; metal
carbonates such as those of calcium and magnesiurarals such as mica, montmorollonite,
kaolinite, attapulgite, and talc; synthetic andunalt zeolites such as Portland cement;
precipitated metal silicates such as calcium gaichollow or solid polymer or glass

microspheres, flakes and fibers; and the like.

10
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"Functionalized" as used herein refers to makitayar or device able to perform a
function including, for example, energization, aation, and/or control.

"Mold" as used herein refers to a rigid or semierigbject that may be used to form
three-dimensional objects from uncured formulati®@@me exemplary molds include two mold
parts that, when opposed to one another, definsttheture of a three-dimensional object.

"Power" as used herein refers to work done or eneagsferred per unit of time.

"Rechargeable” or "Re-energizable" as used heeéamn to a capability of being restored
to a state with higher capacity to do work. Mangsigiay relate to the capability of being
restored with the ability to flow electrical curteat a certain rate for certain, reestablished time
periods.

"Reenergize" or "Recharge"” as used herein referdtoring to a state with higher
capacity to do work. Many uses may relate to r@sgos device to the capability to flow
electrical current at a certain rate for a certagstablished time period.

"Released" as used herein and sometimes referiasl"released from a mold" means
that a three-dimensional object is either compjeteparated from the mold, or is only loosely
attached to the mold, so that it may be removell mitd agitation.

"Stacked" as used herein means to place at leastamponent layers in proximity to
each other such that at least a portion of on@aserdf one of the layers contacts a first surface
of a second layer. In some examples, a coatingthehéor adhesion or other functions, may
reside between the two layers that are in contébteach other through said coating.

"Traces" as used herein refer to energization ekg@mmponents capable of connecting
together the circuit components. For example, ditcaces may include copper or gold when the
substrate is a printed circuit board and may tylyidee copper, gold or printed film in a flexible
circuit. A special type of trace is the currentiecior. Current collectors are traces with
electrochemical compatibility that make the curmmitectors suitable for use in conducting
electrons to and from a cathode or anode of artretdemical cell.

There may be other examples of how to assemblea@mitjure batteries according to the
present invention, and some may be described liowoig sections. However, for many of these
examples, there are selected parameters and airastics of the batteries that may be described
in their own right. In the following sections, sowrctearacteristics and parameters will be focused

upon.

11
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Referring to FIG. 1 and FIG. 2, there is shown tifterent cross sectional
representations of an exemplary electrochemicétbatell 100 according to one embodiment.
FIG. 1 is a cross section representation alonguagphormal to the vector L (length) and FIG. 2
is a cross section representation along a plamaaldo the vector H (height).

The electrochemical battery cell includes a cyiicel anode 110 which extends along
the length of the electrochemical battery cell sad/es as the negative electrode. More
specifically, the anode 110 extends along a veudeallel to the length vector L shown in FIG.

2. In this embodiment, the anode 110 is generglindrical in shape and circular in cross
section. The diameter of the anode 110 is smalligimand its aspect ratio (length to width ratio)
is large enough to enable flexibility of the andd®. The diameter may be sized large enough to
accommodate the absence of any current collec®thé electrochemical battery cell

discharges, reactive material from the anode megtreichemically react and go into solution.

As the anode reactive material leaves the anodesutface of the anode may pit or otherwise
change and a general decreasing diameter may leded he remaining anode material may
remain contiguous to remain capable of acting asnaade current collector throughout its length
and as such may be capable of conducting electromsthe anode out of the electrochemical
battery cell.

As may be described again below in more detadpme examples the anode 110 is
positioned on one side of the electrochemical battell in this embodiment adjacent the
exterior first and second packaging portions 149 0. The first packaging portion 140 and
the second packaging portion 150 are disposedvel@ach other to form a cell interior 160. The
packaging portions are manufactured from a mattra&imay be bonded or otherwise sealed to
itself. The packaging portion material may alsdlerible and capable of enclosing all
components located within the cell interior 160.

In some examples, the electrochemical batteryfegher includes a cathode 120 which
also extends along the length of the electrochdrhetéery cell and serves as the positive
electrode. More specifically, the cathode 120 edsemiong a vector parallel to the length vector
L shown in FIG. 2. In this embodiment, the cath@@6 is generally planar and rectangular in
cross section. The cathode may be positioned airadal contact with a cathode current
collector 130, and in this embodiment, may be attdwmnto the cathode current collector 130.

This arrangement of coating the cathode 120 offfexéle conducting current collector 130

12
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provides a flexible cathode construction that rete@ioherent while the electrochemical battery
cell 100 is twisted, bent or otherwise contorted.the electrochemical battery cell
electrochemically discharges, reactive materiahftbe cathode 120 may electrochemically
react and possibly expand. The cathode may berdsbsip accommodate such expansion by
being made with an appropriate porosity and bydpemade from appropriate ingredients that
accommodate any such expansion. Such accommoaasiprenable the cathode 120 to maintain
adhesion with the cathode current collector 130@hdrwise remain coherent.

The cathode 120 and the cathode current collé&0@rare shown positioned and
supported on the second packaging portion 150 aagbasition opposed to the anode 110
within the cell interior 160. Although the sizestbé anode 110 and the cathode 120 shown in
FIG. 1 and FIG. 2 are not necessarily to scalerdlaive positions of the anode and cathode are
gapped by a predetermined space 170. The dimensidhe predetermined space within the cell
interior may be important to ensure the anode atitode do not make direct contact with each
other which would cause a battery short circuite @imension may also not be so large as to
prevent effective ionic charge diffusion which ditlg relates to the rate capability of the
electrochemical battery cell. Although in altermatembodiments, a permeable membrane
battery separator may be used, the cell constructithe present embodiment obviates the need
for added manufacturing complexity and expenseldfray such a component.

The cathode 120 and the anode 110 ionically concatewvia an electrolyte 180 which
is positioned such that both the anode and cathrageionically communicate with the
electrolyte material. The electrolyte 180 may alke flow of electric charge between the anode
110 and the cathode 120. The electrolyte 180 mayligriid, gel or semi-solid provided that it is
flexible and capable of moving within the cell intg 160 while performing its task of providing
ionic diffusion between the anode 110 and cath@fe 1

The electrons generated by the electrochemictdryatell 100 may be conducted from
the cell via an anode collector tab 190. This armadkector tab 190 may be affixed to an end of
the anode 110 to be in electric communication wWithanode 110. The anode collector tab 190
provides a shape appropriate extension of the ahbdeo that the cell interior 160 may be
appropriately sealed, with both the anode 110 atigocle 120 electrically communicating
exterior of the cell interior 160 and both firsddasecond packaging portions 140 and 150. The

position of the anode collector tab 190 in FIGn#l &1G. 2 is shown intermediate the anode 110

13
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and the first packaging portion 140. As may be s#es positioning may add height or a
protrusion to the electrochemical battery cell 20@ an alternative position may be preferred to
avoid increasing these dimensions. The anode ¢otléab 190 is shaped relative to what it may
be connecting to in a device. This shape may lexte# by one skilled in the art to create an
electrically secure connection between the anddand the device.

Although not shown in the embodiment of FIG. 1 &h@. 2, both the anode collector
tab 190 and the cathode current collector 130 m#sne beyond the respective ends of the
anode 110 and the cathode 120. These extendingmsdf the anode collector tab 190 and the
cathode current collector 130 enable more efficgeatling of the cell interior 160. The first and
second packaging portions 140 and 150 may be Ilealled to each other to seal the cell interior
160 from the exterior or the electrochemical bgttail 100, and sealed around the anode
collector tab 190 and the cathode current collet88 which extend exterior the sealed first and
second packaging portions 140 and 150. As suclartbde collector tab 190 becomes the
negative exterior contact for the electrochemiedtdry cell 100, and the cathode current
collector 130 becomes the positive exterior corfiaicthe electrochemical battery cell.

In operation, when a load (not shown) is eleclifoaaonnected to both the anode
collector tab 190 and the cathode current collet8d to form a circuit, the anode 110 releases
electrons via the anode collector tab 190 to tlgatree exterior contact while simultaneously
releasing ions into the electrolyte 180. The ca¢ghb?i0 accepts the electrons flowing from the
circuit through the positive exterior contact ahd tathode current collector 130 and electro
chemically reacts to equilibrate the chemical poétof the electrochemical battery cell. The
present arrangement of the electrochemical batedtyi00 may effectively operate while in
torsion, while being bent, or otherwise manipulated

The electrochemical battery cell 100 shown in AAl@nd FIG. 2 may be electrically and
mechanically coupled in series with an identicdll @ shown in FIG. 3. In FIG. 3, there is
shown a first electrochemical battery cell 200 asdespective negative end portion 201. The
first electrochemical battery cell 200 possessesnaale 210, a cathode 220 and an anode
collector tab 290. Also, shown in FIG. 3 is a setelectrochemical battery cell 300 and its
positive end portion 301. The second electrochdratiery cell also has an anode 310, a
cathode 320 and a cathode current collector 33@hA&w/n in FIG. 3 the anode collector tab 290

of the first electrochemical battery cell 200 isiweected to the cathode current collector 330 of
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the second electrochemical battery cell 300 at ection point 399. This mechanical and
electrical coupling arrangement creates a multitzagtery with two electrochemical battery
cells in series to provide an effective voltagectnihat of each individual cell. Alternative
coupling arrangements may be used to create pamatieother multi-cell batteries using two or
more cells.

The respective packaging portions 240 and 3402&0dand 350 are shown joined to
form a contiguous exterior surface or may be mastufad as single packaging portions.
However as may be described in more detail theeatse cell interiors 260 and 360 are
preferably segregated. In FIG. 4, there is showaltmnative view of the two batteries in series
400. A first electrochemical battery cell 401 isatically and mechanically coupled to a second
electrochemical battery cell 402. Both the firgtattochemical battery cell 401 and the second
electrochemical battery cell 402 have respectivaas 410 and 411, and respective cathodes
420 and 421. Each cathode is associated with a&otrieblly coupled to a cathode current
collector, and the first electrochemical batterly cathode 420 is associated with first
electrochemical battery cell cathode current ctdlied30, and the second electrochemical
battery cell cathode 421 is likewise associateth @isecond electrochemical battery cell cathode
current collector (not shown). The second electadbal battery cell anode 411 is electrically
and mechanically associated with a second electroal battery cell anode collector tab 490
which is also electrically and mechanically assdavith the first electrochemical battery cell
cathode current collector 430 at connection pc@® 4

The two electrochemical cells in series are surded on the cathode side by a first
packaging portion 440 which extends the lengtthefttvo cells in series but is terminated at a
first end 403 to enable the second electrocherbatikry cell cathode current collector to
overhang the first packaging portion. At a secamdl 404, the first packaging portion is
similarly terminated to enable the first electratieal battery cell anode collector tab 491 to
extend beyond the second end. A second packagitigrpd50 similar in length and width to
the first packaging portion 440 is positioned adiadhe anode side of the two batteries in series
and the cell interior 460 may be sealed by assagi#ite first packaging portion 440 and second
packaging portion adhesively or by welding in a marthat allows both the second

electrochemical battery cell cathode current ctdieand the first electrochemical battery cell
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anode collector tab to extend beyond the packagintjons to enable them to be in electrical
communication with an external load (not shown).

It may be preferred to segregate the cell intet&% into individual cell interiors
associated with each electrochemical battery Tals may be done by providing a divider
adjacent the connection point 499. Referring to.M&there is shown a packaging portion 500
that may be used to provide the cell interior sgatien of this embodiment. The packaging
portion 500 includes a divider 510 which may beéxaff to the packaging portion at a
segregation spot 520 on the packaging portion.divider 510 may be configured to act as a
dam between two electrochemical battery cells rres¢o prevent ionic conduction and
convective flow between the cells. The divider Bifly be laser welded to the packaging portion
and then again laser welded when the packagingopds©0 is sealed relative a second
packaging portion via laser welding or an alteretionnecting method. In an alternative
embodiment, the divider may be affixed via altereajoining methods such as ultrasonic
welding, or heat welding methods.

In FIG. 5B, there is shown an alternative embodied providing segregation of the
cell interior. A packing portion 550 includes aidier 560 at a segregation spot 570 on the
packaging portion. The divider 560 may be secuodati¢ packaging portion and a second
packaging portion via adhesive and more preferaialyJV-cured adhesive. The first and second
packaging portions may be sealed relative eaclr atitbeir peripheries and the divider 560
adhesively secured to both packaging portionsawige the segregation of the cell interior.

In FIG. 6, there is shown a cross-sectional viéarpalternative embodiment of the
electrochemical battery cell 600. In this embodimére electrochemical battery cell 600
possesses a cylindrical shaped electrochemicariatell cathode current collector 630, which
is shown positioned between the electrochemicéébatell cathode 620 and a first packaging
portion. Although not shown, the electrochemicdtdrg cell cathode current collector may
alternatively be disposed entirely within or pdiyiavithin the cathode 620. An anode 610 is
located within the cell interior 660 at a predetier@d distance 670 from the cathode 620. The
cell interior is filled with electrolyte (not shoyio provide required ionic conductivity between
the anode and cathode electrodes.

A method of joining both the first packaging porti640 and the second packaging
portion 650 along their respective peripheries mayescribed using FIG. 6. The
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electrochemical battery cell 600 may be placediwistm ultrasonic welding fixture which is
shown representatively in cross section surroundipgrtion of the electrochemical battery cell
600. The ultrasonic welding fixture comprises bathultrasonic welding horn 691 and an
ultrasonic welding anvil 692. The electrochemicaitéry cell 600 is placed within the fixture
and the ultrasonic welding horn 691 is brought itiatact with the first packaging portion 640
at the locations where a weld is desired. In theshomds embodiment, a weld is desired both at
the anode side of the electrochemical battery6gHland at the cathode side of the
electrochemical battery cell 602. A controlled gree is applied by the fixture to the
electrochemical battery cell bringing together file& packaging portion 640 and the second
packaging portion 650. The ultrasonic horn is vikdaat a frequency appropriate for the material
at the desired amplitude for a predetermined amoitine that is required to weld the first and
second packaging portions. The controlled pressagbe maintained for a second
predetermined time to allow the packaging portimnfise.

Prior art ultrasonic welding of plastics takes pladgth the motion of the ultrasonic horn
largely perpendicular to the plane of the item#iggoined (for the side seal, along vector H
shown in FIG. 2), and this may result in a widejavhich may be objectionable. In some
examples, when the motion of the ultrasonic hotangely in the same plane as the side seal (for
the linear side seal, a plane extending along véctgtown in FIG. 2), a relatively narrower seal
may be achieved. The vector of the horn's motian tee same plane as the edge of the package
being sealed. For nonlinear side seams (for exgraptaate side seams), the horn's motion
relative to the side seam may vary at differenitfms along the side seam, but may remain in
the same plane as the packaging being welded.

Excess packaging may be mechanically trimmed a¢ 688 and 694, for example, by
laser-cutting, ultrasonic cutting, tool-die deggtior waterjet cutting) such that the packaging
portions exterior the weld is removed. Alternatwelltrasonic weld time may be extended to cut
the sealed ends 693 and 694 while sealing the gakaortions. Once the packaging portions
have been welded along the periphery thus sedlmglectrochemical battery cell, the second
controlled pressure is removed and the ultrasoeidiwg horn is retracted. By this joining
process, many electrochemical battery cells magobeecutively sealed.

The present electrochemical battery cell configarais not restricted to a linear, planar

construction, and instead may be constructed itiphellshapes and sizes according to various
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embodiments. The components of the electrocherbatsry cell, as well as the packaging, may
be used to shape the electrochemical batteryaél tlesired shape.

In FIG. 7 there is shown the electrochemical bgtted| 1000 in an arcuate shape. In this
embodiment, two electrochemical battery cells amnected in series. A first electrochemical
battery cell 1001 is both electrically and mechaliycconnected to a second electrochemical
battery cell 1002 at a connection point 1099. Bb#hfirst and second electrochemical battery
cells are shown resting on a first packaging porti640. Although not shown, a second
packaging portion is associated with the first @aikg portion to form a contiguous exterior
packaging exterior for the electrochemical battal.

The first electrochemical battery cell 1001 incls@® anode 1010 and a cathode 1020.
The cathode is positioned in electrical communazatvith a first electrochemical battery cell
cathode current collector 1030. The second eldotnmécal battery cell 1002 similarly includes
an anode 1011, and a cathode 1021. The cathodeid p@sitioned adjacent and in electrical
communication with a second electrochemical battetlcathode current collector 1031. Both
the anodes 1010 and 1011 possess associated anfledeoc tabs which are both electrically and
mechanically connected to an anode end to condierirens.

At connection point 1099, there is shown an eleatrand mechanical connection
between the first electrochemical battery cell acallector tab 1090 and the second
electrochemical battery cell cathode current ctdlet031. The connection may be welded or
alternatively made so that electricity may flowween both the first and second electrochemical
battery cells, and so that it provides a measustrehgth so that the electrochemical battery cell
1000 is fixed in the desired shape.

Each of these components in the electrochemidtdryacell extend along parallel
arcuate paths or vectors. For example, the anotieé 40d the anode 1011 extend along an
arcuate vector the length of which is approximatkéylength of the electrochemical battery cell
1000. The cathode 1020 and the cathode 1021 eatend a separate arcuate vector which
extends in parallel to the anode vector. The edebmical battery cell 2000 may be configured
in the shown planar C-shape, or the arcuate shageomnon- planar such as frustoconical or
shaped to extend about a spherical segment sunhtesbody of a contact lens. The shape may
be maintained by the rigidity of the componentslternatively by inclusion of a structural

portion which would be included within the electnemical battery cell but not be an active
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component of the electrochemical reaction. For etapa die cut titanium foil may be placed
within the cell interior and intermediate the fiestd second packaging portions. The foll
structural portion would act to maintain the desisbape of the electrochemical battery cell
while not significantly increasing the non-activ@wme of the electrochemical battery cell.

In FIG. 8, there is shown a top sectional vievaofalternative embodiment of the
electrochemical battery cell 1100. In this embodim#e electrochemical battery cell 1100
possesses a cylindrical shaped electrochemicaripatell cathode current collectors 1130 and
1131, which is shown positioned between the elebemical battery cell cathode 1120 and
1121 and a packaging portion (not shown). Althonghshown, the electrochemical battery cell
cathode current collector may alternatively be dégal within or partially within the cathodes
1120 and 1121. The wire shaped cathode currergatotts in combination with the wire shaped
anodes provide a structural rigidity which obviates need for any non-active structural portion.
The two electrochemical battery cells 1101 and 1th@P comprise the electrochemical battery
cell 1100 are electrically and mechanically conedet connection point 1199.

The wire shaped first electrochemical battery astide 1110 and the second
electrochemical battery cell cathode current ctdiet131 may be joined by an ultrasonic weld
as shown in FIG. 9. A compressive force holds its €lectrochemical battery cell anode 1110
and the second electrochemical battery cell catibadent collector 1131 together while the
ultrasonic welding fixture 1198, which is represgively shown, acts to weld the two wire
shaped components to form a mechanically conngaiteidl 197. Alternatively, the joint 1197
may be created using resistive welding of anotbi@img technique to create an electrically
communicating and mechanically sound joint. Anofjbering method useful to encapsulate the
electrochemical battery cell is laser beam welding.

In FIG. 10, the electrochemical battery cell 1198hown assembled with mechanically
connected joint 1197 already formed and dividerGldi@ated to segregate the cell interior of the
first and second electrochemical battery cellsirgt find second packaging portion 1140 and
1141 of equal size are placed with their periplseaiggned and compressed to create a
pressurized periphery along the entire periphemhefpackaging portions. This may be done in a
fixture which creates the pressurized periphethatsame time, or sequentially with a moving
jig or fixture. While the periphery is compressadaser weld beam may be passed along the

electrochemical battery cell (in the direction simdvy vector W 1194) and the compressed
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periphery that passes through the laser weld beamelded by being melted and then joined
during re-solidification. The laser fires many hegtpulses per second forming separate
overlapping spot welds that form a seam along #ukgging portion periphery. So as not to
cause local heating of the cell interior, battesynponents and electrolyte an appropriate laser
wavelength is chosen. For polypropylene packagiatenal, 800 nm laser light is preferred.
Another embodiment of the electrochemical battetyy 100 in FIG. 8 may be
described with an alternative anode constructionhis embodiment, the two electrochemical
battery cells 1101 and 1102 that comprise the relelsémical battery cell 1100 are electrically
and mechanically connected by sharing a common ooerg. The anodes 1110 and 1111 each
additionally comprise an anode current collectoicilhis electrically conductive. The active
anode material is then disposed onto or adjacefit @aode current collector to be in electrical
communication, while maintaining physical contadtwthe anode current collector. The use of
such an anode current collector enables it tolzdsased as a cathode collector in an adjacently
connected cell. For example, the electrochemidéébacell anode current collector (not shown)
of the first electrochemical battery cell 1101 nexyend into the second electrochemical battery
cell and be used as the cathode current colled®t dbf the second electrochemical battery cell.
By use of this common cell component, the firsttehemical battery cell 1101 and the second
electrochemical battery cell 1102 are electricatig mechanically connected without the need

for any weld or joint.
EXAMPLES

The compositions and processes described hereyayslto make and use them are

illustrated in the following examples.
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Example 1
Substrate Preparation

A polycarbonate block was cut into sections. Farsd second slots 2010, 2011 (each
approximately 0.325-inch-long x 0.008-inch-deep06393-inch-wide) were milled from the
surface of the block 2000 as shown in FIG. 11 Ahannel 2020 (between 0.007" wide and
0.01" wide) was then cut intermediate the first aadond slots 2010 and 2011, connecting the
two larger slots in line. Each finished slot isdise hold a cell.

Cathode Preparation

A cathode sheet was prepared with a compositidiD%6 by weight of carbon black (e.g.
ACE Black AB100 from Soltex, Houston, Texas, 83-8b%aveight of fine electrolytic
manganese dioxide (e.g. Tronox of Stamford, Comtiggtand the balance (5- 7%) by weight
PTFE (e.g. 60 wt% dispersion of PTFE in water, labdé as TE3859 from Dupont Polymers
(Wilmington, Delaware) - has 60.6%> solids in batsft%> wetting agent) The sheet was
prepared by combining the carbon black and mangadgiiegide in a mixing container, and
mixing at 1,000 RPM for 3 minutes in a Thinky mixdodel Number ARM-310 from Thinky of
Laguna Hills, California. Then, roughly 1.05 graaisie-ionized water per gram of manganese
dioxide was added to the mixing container, whicls again mixed at 1,000 RPM for 3 minutes.
Then, the PTFE was added, and mixed at 200 RPNeimixer to disperse the PTFE, and then
at 1,500 RPM to fibrillate the PTFE, forming a codr@ mass.

The resulting coherent mass was then kneadedthetiliscosity increases to the point
where the material stiffness is increased and temal is formable. Pieces of battery packaging
laminate consisting of a heat-resistant polymeewlatyer, inner aluminum foil core, and heat-
sealable polymer inner layer (e.g. packaging frdimalFlex Corporation, Brooklyn, New York.
The packaging consists of a 0.001" polyethylené-rsemlable layer on one side, a 48 gauge
(0.0005") PET film on the other, and a 0.00031&ha@ahum foil layer in between the two) were
cut, and folded lengthwise in half with the heatistant layer on the outside. Pieces of the
coherent mass were broken off, and placed on gidarof the packaging folded lengthwise. The
coherent mass was rolled down using a jeweleris ti/d material was periodically folded back
on itself to enhance the fibrillation and bondiagd at times the material was rotated 90 degrees
in position against the packaging to avoid itslsgjlout over the edge. Sheets of roughly 150

micron thickness were prepared in this manner fiteecathode mix. This sheet was removed
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from the packaging material, placed on a weigh ,evad air-dried at room temperature for a few

hours. Finally, the sheet was dried at 60°C betveefmw hours and overnight.

Electrolyte Formulation
The electrolyte was first prepared using a mixtfr.9 M NH4C1 and 0.63 M CaCl2 In

deionized water.

A gelled electrolyte was then prepared, as follaarsamount of electrolyte was added to
a beaker containing a stir bar. This beaker wasmea/to prevent evaporation, and heated and
stirred on a stirring hot-plate until boiling. Derized water was then added to replace the water
which had evaporated as determined by weighindicgrit agar was added to the beaker to
produce a mixture containing 97% by weight of tleeolyte, and 3% by weight of agar. The
electrolyte with agar was stirred on the hotplatgl the agar dissolved, then de-ionized water
was added to replace the water which had evapor@bedmixture was then stirred and allowed

to cool to room temperature, forming a soft, clogey.
Anode
Commercial pure zinc wire (e.g. (0.006" pure 28c95% wire from California Fine

Wire of Grover Beach, California) was obtained.

Cathode-Current Collector Assembly Procedure

Strips of cathode material roughly 7 mm long warefrom a roughly 15Qun thick
piece of cathode material using a blade. Thenn#istrips up to 3 mm or so wide (but at least
600 wide) were cut from these strips. Short lengtbsighly 2 cm to 10 cm) of 0.002 inch
diameter titanium wire (e.g. 0.050 mm 99.8% pusrdhemper titanium wire from Goodfellow
of Coraopolis, Pennsylvania) were cut from a ratig their ends were attached to a plastic weigh
boat with a small dot of epoxy, which was allowedtire. The assembly of the cathode is
illustrated in FIG. 11B. The cathode strips 2040em@laced beneath the wire 2050 glued at one
end 2051, and the wire was held taut over the.3tvigh the wire held taut, a conductive glue
coating (e.g. prepared containing a polymeric hiraohel graphite flakes e.g. TIMCAL E-LB
1020, from Timcal of Westlake, Ohio). After the doigtive coating was dried enough to hold

the wire 2050 to the surface of the cathode she4®,2he end of the wire held taut was released.
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After the coating was dried in air for a few houtg wire was cut away from one end 2051 of
the assembly using a blade, the other end of thewas trimmed to a shorter length, and the
cathode strip 2040 was cut to a width of betwedhattl 80Qum - see FIG. 11C.

Cell Assembly Procedure

The cathode-current collector assembly was gloaxthe plastic substrate 2000 as
shown in FIG. 11D using the conductive coating/gitiee cathode-current collector assembly
2030 was set in place with the wire facing dowrgnable wetting the cathode strip 2040 later.
The cathode-current collector assembly 2030 wasditached at the end 2012 of the slot 2010;
the cathode -current collector assembly 2030 was tlexed away from the wall of the slot,
additional conductive glue applied along the weatid the cathode-current collector assembly
2030 pressed against the wall of the slot. If exoadhode material was present which would
prevent clearance between the zinc wire 2060 ieddater and the cathode, the excess material
was removed. Lengths of the zinc wire approxiiyaledb centimeters were cut and
straightened. They were placed in the slot 2010exttehded out the open end of the cell; a
small amount of epoxy was applied to hold the wirplace. Then, epoxy was applied across the
channel opening of the slot, and polyimide tapg. (¢apton Brand) was placed over the opening
of the slot until the epoxy had cured. At that poihe polyimide tape was removed. Then,
electrolyte was applied to cover the slot, andvedio to soak into the cathode. An absorbent
paper wipe was then used to remove all of the rellgte from the slot and the area of the
substrate surrounding the slot, except for thadvddesl within the cathode. Gelled electrolyte
was then added to fill the slot. A piece of polyimiadhesive tape (e.g. Kapton Brand) was
placed over the top of the slot including the ehds tape would normally extend end-to-end
with two cells vertically in place.

Then, two-part epoxy was used to cover over ta®fpolyimide tape, and also to cover
the ends of the block where the wires exit the €doice the epoxy was cured, the polycarbonate
substrate was secured. Then, smooth-jawed alligaps were used to clip onto the wires
(titanium and zinc) coming out of the cells, takirage not to short the cells. Insulator was
placed between the clips to prevent them from togciT he insulators were removed after the
epoxy had gelled, but before it was fully hardernite cells were tested using ordinary battery

test equipment.
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Table 1 is the performance and general descrigtidhe electrochemical battery cell

which was prepared as described in Example 1.

TABLE 1

Capacity 140 pA-hat 10 uA

Resistance ~800-15000 (typical) at 100 uA

Cell dimensions (slot in substrate) 0.325 inch long x 0.008 inch deep x 0.0393
inch wide (~0.03 inch wide)—roughly 8.3
mm X 200 um x Imm (~1.7 ul)

Open Circuit Voltage 1.5V (nominal)

Example 2

Zinc Powder Anode

An anode using zinc as a bound powder was prepaned powder (e.g. EEF grade
from Umicore, Belgium) was prepared using PTFEnffBE3859 dispersion) as a binder, and
using Acetylene Black (AB100%) as a conductivesfillwith a composition of 5% acetylene
black, 5% PTFE, and 90% zinc by weight. 20 granamt were mixed by hand with 1.11
grams of acetylene black using a plastic spatufarta a visually homogeneous mixture. This
mixture was then mixed using a Thinky ARM-310 mifarthree minutes at 1000 RPM with 9
grams of de-ionized water. Then, 1.85 grams of 60%E (TE3859) dispersion were added to
the mixture, which was mixed for three minutes@@ RPM to disperse, then three minutes at
1000 RPM to fibrillate to form a coherent mass.sl¢oherent mass was then kneaded and rolled
between pieces of battery packaging (from Ultra Eerporation, Brooklyn, New York. The
packaging consists of a 0.001" polyethylene healabée layer on one side, a 48 gauge
(0.0005") PET film on the other, and a 0.00031&ih@hum foil layer in between the two). As
with the cathode sheet preparation, pieces ofdhisnate were cut, and folded lengthwise in
half with the heat-resistant layer on the outsRleces of the coherent mass were broken off, and
placed on the inside of the packaging folded lewgtd. The coherent mass was rolled down
using a jeweler's mill; the material was periodicéblded back on itself to enhance the
fibrillation and bonding, and at times the matewals rotated 90 degrees in position against the
packaging to avoid its spilling out over the edgkeets of roughly 150 micron thickness were

prepared in this manner from the cathode mix. $hieet was removed from the packaging
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material, placed on a weigh boat, and air-driesbain temperature for a few hours. Finally, the
sheet was dried at 60°C between a few hours anuhigie.

Strips of the anode material approximately 300rams wide x 150 microns thick x 7-8
mm long were cut out, and then attached usingahéuwctive glue (Timcal E-LB 1020) to 50
micron titanium wire current collectors (e.g. fr@oodfellow, Coraopolis Pennsylvania), as was
done using for the cathode.

A cathode sheet consisting of 10 wt% acetylenekhlaB 100), 5 wt% PTFE (from
TE3859 dispersion), and 85% fine Mn02 (Tronox) weepared as described in Example 1.
Strips of material roughly 10 mm wide x 1p@) thick were cut from this sheet. Pieces of
titanium foil were cut, and transparent tape wasliag to leave an approximately 7 mm wide
strip of bare foil. This foil was then painted oweith conductive glue, and a strip of the cathode
sheet was pressed in while the glue was still wiser drying for roughly two hours to overnight
at 60°C, the foil was removed from the oven, andmo strips and inserted into an
experimental holder; these strips with attachetar# acted as the counter-electrode. The
experimental sample holder had a piece of zincusdld as a quasi-reference electrode, the
bound zinc sheet attached to theuStanium wire acting as the working electrode, émel
titanium foil with cathode sheet attached was thenter electrode. All three electrodes were
together in a glass vial containing 1.9 M NH4C1 ar@BM CaCl2 in de-ionized water
electrolyte. A test was performed on three sampglassisting of alternating open-circuit periods
of 30 seconds with pulses of 5, 10, and 180applied to the working electrode, followed by an
open-circuit period of 30 seconds. The internaktaace of each electrode was taken as the
average of the resistance determined from the g®@ltkiop at the beginning and end of the 100
1A pulse. The three samples had resistances of 831ahd 14%).

Example 3
Sealed Micro-Battery Construction

Forming Cell Components:
The cell components of the micro-battery assemioi¢kis example are further

described by the dimensions and other physicalgutes in Table 2.
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TABLE 2

Micro-battery dimensions 10 mm in Length, 1.1 mm in width, 0.25 mm in thickness
Micro-battery volume 2.75 cubic millimeters or 0.00275 cc

Anode dimensions 7 mm in Length, 0.15 mm in width, 0.075 mm in thickness
Cathode dimensions 7 mm in Length, 0.55 mm in width, 0.12 mm in thickness
Anode collector thickness (.03 mm in thickness

Cathode collector thickness 0.03 mm in thickness

Electrolyte Volume 0.000642 cc

Separator thickness 0.030 mm

Packaging (each layer) 0.025 mm

thickness

Preparing cathode sheet:

The cathode is prepared as follows. First, thepdwyders are mixed using a Waring
laboratory blender. Mn02 (Tronox fine) and BP20&ébon black (Cabot) are mixed in a 500g:
20.83 g ratio (24:1).

Once the powders have been blended, they ardrdnesformed into a wet blend
together with PTFE. The overall blend composit®24.27 % dry powders (as mentioned
above), 66.50% de-ionized water, 4.86% Triton X-&6Mution, and 4.37% solution (DISP30, 60
wt% PTFE). The wet blend is then filtered usingucBner funnel under vacuum.

After the solid mass has been prepared, it isatepity rolled using a jeweler's press,
pasta roller, or similar to fibrillate the PTFE aimafurther. After each rolling step except for the
last, the solid mass is re-constituted to prepar¢hie next step.

A custom motorized roller setup is used to tramsfthe dough into a freestanding sheet.
The material is fed through the rollers a numbeirés, folding the material back onto itself
each time, and the gap between the rolls is redungldthe gap is 0.12mm. After this, the
material is allowed to air-dry.

After the cathode is in the form of a freestandshget, this sheet is then attached to a
current collector using an adhesive (such as EBs01® by Henkel, or E-LB 1020 sold by
Imerys). The titanium foil current collector may tmeighened by, for example, immersion in a
boiling 10 weight% oxalic acid solution for ten rates. After roughening, the titanium foil is
removed, rinsed with de -ionized water, and allowgedry thoroughly.

An Epilog FiberMark 50W pulsed Ytterbium fiber émss used to cut titanium foil (10
micron thickness) into strips which are 40§ wide. The strips of cathode material are cut & th

desired width, and coated with EB-012 on one Sithe. coated side of the cathode material is
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pressed onto the cut titanium. Afterwards, therlasased to cut the titanium and cathode into
individual freestanding components.

An electrolyte gel is prepared consisting of 2%ominc acetate, 0.2 wt% ammonium
acetate with the balance water, gelled with 6 wiRMGGAO7 Walocel).

If desired, the cathode strip may be laminateal $eparator. To accomplish this, a
cathode strip on titanium is coated with electmlgét and a piece of separator (@ thick
Dreamweaver Silver™, available from Dreamweavegrimtional, Greer, South Carolina)
slightly wider than the cathode is placed on tophefgelled electrolyte. The cathode and
separator are placed between two pieces of FE®ifiated ethylene propylene) film, and the
entire stack is then placed between two" thick bsdsm pieces. The stack is then run through an
Apache AL-13P laminating machine so that the cathmtt separator are mechanically bonded
together.

The anode consists of a piece of zinc foil whikut to size using a technique such as
laser or ultrasonic cutting. Optionally, the zinayrbe glued to a piece of roughened titanium
foil using a conductive adhesive prior to cuttitige roughened titanium foil serves as the current
collector for the anode. The glue used may be laocarfilled thermoset resin such as Atom
Adhesives AA-Carb 61. In the case where a thernresat is used, it is applied to either the
zinc or the titanium. It is also possible to apalthermoplastic resin paste, ink, or coating, such
as Creative Materials (Ayer, Massachusetts) 10%e26ne side of a zinc strip and a titanium
piece, and then to apply heat and pressure tdheitwo together.

In some cases, it is desirable to have two celteries sharing a current collector, which
acts as the anode current collector for the fefitand the cathode current collector for the
second cell. In this case, the anode is attachedeagart of the current collector as described
above while the cathode is attached to the otlder & the current collector, allowing bare

current collector on either end to enable feedtgingu

Coated Film:

Coated packaging film refers to a polymeric fildjacent to a film with a higher barrier
than that of the polymeric material, and wheregid higher barrier film is formed on the
polymeric film or resides on an adjacent layer. Taemic film may be silicon oxide, aluminum

oxide, titanium oxide, aluminum, gold, titanium,tbe like, and the film may be formed by
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CVD, sputtering, plasma deposition, sol-gel, arallike. Optionally, the coated film may
include alternating layers of polymer and higharieafilm deposited onto the initial higher
barrier film. A preferred example of the packagiiig used is Ceramis CPP-004 (CelPlast,

Toronto, Canada), which is polypropylene coatedh aisilicon oxide barrier layer.

Packaging the Cell:

In general, the cell is normally sealed betweem fweces of polymer film, either coated
or uncoated, which form the top and bottom of taelkaged cell. The first step in manufacturing
the cell is to lay down the cathode and cathodecilr onto the package, so that the cathode
collector is in place on the package. It is helpéuinechanically hold the cell components in
place during sealing, so that they do not shiftedose a short or interfere with the sealing
process. For example, it is possible to attaclt#lecomponents to one of the packaging films
using a lightly tacky pressure sensitive film, sasi3M 80 spray adhesive or Krylon Easy-Tack.
One may also envision using a mechanical clampmiesfashion to hold the cell components in
place during the sealing process. Once the cathwdeollector are in place, the cathode is
wetted with electrolyte. The cathode may optionbyfaminated to a separator prior to cutting;
if this is not the case, a piece of separator ishaegically placed on top of the wet cathode, and
if necessary more electrolyte is applied.

At this point, the anode, (and optionally the amodllector; the combination may be
referred to as the anode assembly) is then addie tell. If the cathode is not laminated to a
separator as described above, the anode assemplyandaced beside the cathode, and
separated from the cathode by the separator t@eptelectrical shorting. Alternatively, whether
or not the cathode is laminated to a separatorntioele assembly may be placed on top of the
cathode and separator. In either case, it is [@kerfor the separator to be wider than the
cathode (or, in the case where the cathode is Eetrto the separator, equal in width to the
cathode), and for the anode assembly to be narrhaarthe cathode. Once the anode, cathode,
and separator are in place, the cell is ready ®ebéd, together with the top layer of packaging.

The cell package has two kinds of seals - "feeditins,” and "sides." Feedthroughs are
located on the shorter axes of the cell, whilesale located on the longer axes of the cell
(where said axes may be linear, arcuate, or soher shape.) The functional difference between

feedthroughs and sides is that sides only needttasaa hermetic seal, while feedthroughs need
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to act as a hermetic seal and also enable anield¢grminal or terminals to extend through
them. If the shorter axis of the cell is very snffdl example less than 1.5 mm wide but
generally greater than 300 microns wide), sidesl te®e much narrower than feedthroughs to
prevent an unacceptable internal volume loss. hegd, the sides may be betweenu2pwide

and 200un wide, dependent on the length of the shorteracedl. At the same time, it is possible
to add material to the thickness of the feedthrosgleh as a dry film, coating, or adhesive) to
ensure that the feedthrough is hermetic even thdugis to go around the current collectors. It
is acceptable to have the feedthrough seal occgpgater length, because of its location on the
longer axis of the cell which is generally at leashm long.

Positioning of the electrodes relative to the seacritical when dealing with such
small components. In general, the position of itde seams and electrodes may be within 5% of
the width of the battery. For example, for a 1 mideabattery electrode and side seam positions
would have a tolerance of less than about £0.05 Ranthe length of the battery, the tolerance
of the position of the bare part of the terminaiahihgoes through the feedthrough, the
feedthrough adhesive, and the feedthrough sealeghanism may have a tolerance of roughly
25%. For example, for a 1 mm wide seal the positipmay be within £0.25 mm. Note that the
width of the bare terminal (the cathode collectbiich is not coated with cathode material, and
the anode collector which is not covered by thedehonay extend the length of the feedthrough
seam.

Thus, different sealing methods are needed fosites and the feedthroughs. For
sealing of the sides, ultrasonic welding is prefériPrior art ultrasonic welding of plastics takes
place with the motion of the ultrasonic horn laygeérpendicular to the vector of the seal, and
this results in a wide joint which is objectionallghe oscillation motion of the ultrasonic horn
is predominantly in the same plane as the packagatgrial, a relatively narrower seal may be
achieved.

Alternatively, laser welding has been used to poeda seal width of under 4.

After welding the side seams, it is necessarytdlrough the packaging film around
the sides in order to separate out the batterygmeckin some cases, it is possible to
simultaneously weld and cut the side seams. Fanpba it is possible to simultaneously seal
and cut plastic films with a seal width of underbf) using ultrasonic welding when the

direction of the vibration is nearly parallel withe plane of the packaging material. The vector
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created by the direction of sealing, which in theecof the side seal is along the length of the
battery package. However, in certain cases it neggrbferable to seal the side seams in a first
step, and then use another step to remove the geatkall from the packaging film. This second
step may utilize waterjet cutting, ultrasonic audtilaser-cutting, tool-die degating, or the like.

For the feedthrough, it is necessary to compleatiege off the package around the
current collector that extend through the packagdegause the active materials do not extend
into the feedthrough area, it is possible to adatepable thickness to the packaging within this
area. For example, for a cell which is 250 micrtbmsk with 25 micron packaging, roughly 200
microns of material may be added to the feedthrargh to enhance sealing.

A first alternative is to coat the current coltest and/or the packaging with a polymer
latex, such as Dow Hypod, Mitsui Chemipearl, Aqa3€2088, or Joncryl prior to heat sealing.
Another alternative is to add a dry polymer filrack as is manufactured by Fastel, to the seal
area. A heat sealable polymer may also be apgieedxample, by screen printing) to the inner
surface of the packaging as a dispersion. Yet anatlternative is to apply a tacky film, such as
Asphalt, Conseal 1400 (Fujifilm Hunt), or Henkel PAD to the packaging and/or current
collectors in the feedthrough area to enhance $esdtng, or apply a curable thermoset adhesive,
such as a two-part adhesive, a heat-cured adhesiadJV-cured adhesive, in the feedthrough
area. For some embodiments, it may be necessauy torough the adhesive for the feedthrough
while welding the sides; this may be accomplishgdlbasonic welding, which is known to
remove contamination from the weld area. This sabse it is necessary for the feedthrough seal
to seal around the terminals of the cell, withaut gaps.

In some cases, the feedthrough adhesive (polyatex,Iheat seal film, tacky film, or
thermoset adhesive) may be applied before the ymeesensitive adhesive described above, and
in some cases it may be applied after, dependirtheproperties of the heat seal adhesive. In
the case of using a curable adhesive, once theshehadhesive is in place, the sides of the cell
may be sealed using a technique such as ultras@hiing or laser welding using a fixture to
substantially exclude electrolyte from the sidd,de#lowed by curing the adhesive in place to

create the feedthrough.
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Example4
To reduce the ingress of water into or out ofdbk, the osmotic pressure difference

between the cell and its surroundings may be retuldee osmotic pressure may be
approximated using the Morse Equation,PirMnRT, where P is the osmotic pressure, T is the
absolute temperature, R is the ideal gas condvants the concentration in moles per liter of the
nth component of the mixture, and in is the nundfeons per formula unit obtained upon
dissolution of the nth component of the mixturee Tifference in osmotic pressure between two
solutions may be expressed as the difference &s Befined above. Preferably, this difference
may be less than 25 atmospheres, or more prefdegsythan 11 atmospheres.

We prepared an electrolyte solution of 25 wt% &petate and 0.2 wt% ammonium
acetate with the balance comprising de-ionized m{aééerred to as the "stock solution”). We
also produced two diluted electrolyte solution whnoay be referred to as the 6.25% zinc acetate
solution (1 :3 ratio from stock solution) and 1.8%c acetate solution (1 :13 ratio from stock
solution). The solution which the battery is storegroximity to is a saline solution with a
composition of 0.824% sodium chloride, 0.893%) bacid, 0.23% sodium borate, and 0.01%
sodium ethylenediamine tetraacetate (EDTA) by wgigith the balance comprising de-ionized
water; this may henceforth be referred to as "pagkplution.” An additional electrolyte was
made comprising 0.822% sodium chloride, 1.463%chacid, and 0.011% sodium borate by
weight, which may henceforth be referred to as "ifiredi packing solution.” The osmotic
pressure relative to the packing solution as catedl using the Morse Equation is given below
in Table 4.

Test Results for Different Solutions

Cells were prepared to establish performanceef/#nious electrolytes. Each cell used a
piece of card stock as a backing to provide st#$nand the packaging consisted of a 0.001"
polyethylene heat-sealable layer on one side,gad8e (0.0005") PET film on the other, and a
0.000316" aluminum foil layer in between the twdt{&) Flex Corporation, Brooklyn, New
York). To enable heat sealing of the battery, peafedry heat sealable polymer film (Fastel
Adhesives & Substrate Products) were used, witindaw of 9 mm x 1 mm cut out of one
piece within the cell to hold the battery composeiihe anode was cut out of 0.075 mm thick

zinc using an Epilog Fibermark laser; said anode ezamprised of a strip which was 0.25
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microns wide. The cathode was prepared as descedméidr with a composition of 85% Mn02,
10% carbon black, and 5% PTFE by weight. The catlveals laminated to a cut titanium piece
as described above. For these tests, the cathaléQ@am +5% wide x 13Qun 5% thick x

8.5 mm £ 0.5 mm long. The anode and cathode weaeglinto the window in the dry heat
sealable film such that they were not in physicaitact with each other.

To fill the cells, electrolyte was added to wet tathode. Gelled electrolytes
prepared by mixing the electrolytes above with leew1.8 and 5% by weight Walocel GA0O7
(Dow Chemical Company) were added to fill the wiwdwithin the dry film, and the cell was
packaged using heat sealing, with packaging filnbath sides of the cell. The cells were tested
using a VMP3 (Bio-Logic) with a test protocol oR@uA constant current discharge down to a
cutoff voltage of 0.9V. The internal resistance wasasured as the voltage drop obtained from
an initial 20pA pulse lasting three seconds prior to discharduedoattery.

In addition to electrochemical data, gassing dagee obtained to semi-
guantitatively establish projected shelf life ir tharious electrolytes. Gassing was obtained by
cutting 0.075 mm thick zinc into 0.13 mm wide s$rigsing an Epilog Fibermark laser, which
were added to glassware designed to obtain gassieg) This glassware consists of a
volumetric flask filled with electrolyte solutiomhich is in contact with the zinc strips. This
flask is sealed with a wax-coated glass stopperafluated section is attached and open to the
neck of the volumetric flask, with an opening exgb$o ambient atmosphere; when hydrogen
gas is evolved it collects below the wax-filled ts&e, which forces electrolyte up into the
graduated section, allowing the gassing rate todbermined by measuring the position of the
electrolyte in the graduated section at differenes. The wide portion of the flask was held in a
heated bath held at 45 °C, and the gassing ratel@tasmined based on the rise in electrolyte in
the graduated section. Because zinc corrosiondbthe major factors impacting shelf life in
carbon-zinc batteries, the gassing rate may batake proxy for shelf life assuming that zinc
corrosion is the main factor limiting shelf lifeafa is summarized in Table 3 below. As the
cathode is the electrode limiting capacity, datreormalized volumetrically to a cathode size of
400uim x 8 mm x 13Qun. Each data point is the average of ten cellsdedtetably, for those
solutions containing zinc acetate the pH increastsdecreasing concentration, while gassing
rate decreases, and a substantial capacity iseetdrurthermore, gassing is low in packing

solution and modified packing solution, even in #ftsence of zinc.
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TABLE 3

Electrolyte pH | Open- Resistance, | Osmotic Capacity, Gassing
circuit Q pressure, uA-h rate, mL/g-
voltage atmospheres day

Stock 594 | 1.530 1080 75 180 0.798

solution

6.25% Zinc | 6.27 | 1.51¥8 1312 10 160 0.521

acetate

solution

1.8% Zinc 6.79 | 1.511 2431 -5.0 90 0.500

Acctate

Solution

Packing 7.52 | 1.419 5040 0 80 0.158

Solution

Modified 6.04 | 1.513 2840 1.8 120 0.189

Packing

Solution

Exemplary Component Compositions

A wide variety of compositions may be used inelectrochemical battery cell. Any
combination of components would be selected fartedehemical compatibility, and for the
ultimate use of the electrochemical cell. For exianifbiocompatibility is required, components
would be thus selected.

Approval of medical devices by regulatory agencesgiire that a biocompatibility
assessment be conducted to assure safety of thee dgvmaterial Biocompatibility classification
is thus obtained by testing according to certaidgjines, including 1ISO .10993, "Biological
Evaluation of Medical Devices," and the japan Miryi®f Health, Labour and Welfare (MHLW)
"Testing Methods to Evaluate Biological Safety addital Devices," Notice from the Office
Medical Devices. The testing of the biocompatiibf a device is intended to demonstrate that
the device may not, either directly or through tblease of its materia] constituents: (i) produce
adverse local or systemic effects; (ii) be carcarag; or (iii) produce adverse reproductive and
developmental effects. Some materials have bedrchaacterized chemically and physically
in the published literature and in the marketplaicd have a long history of safe use. Such
materials may be considered biocompatible andrare ppreferred. Materials that are used in
medical device batteries may affect a human ey®ilgh, leak from the battery due to, for

example, an accident or an improper sealing ob#ttery. Use of biocompatible materials
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minimizes any risk of such complications occurnhie leaking or leached materials make
contact with the eye or other human tissues.

The anode is the electrode component which isizeablin the electrochemical battery
reaction. In one embodiment, the anode comprisesaa the active component in the form of a
contiguous wire or thin cylinder. The zinc is prefgly battery grade in that it is free from
impurities generally understood by those skillethie art to promote corrosion and other
undesirable side reactions in the battery. The mayg also be alloyed with alloys such as
bismuth, indium, calcium, or aluminum to increakelglife. Lead in small amounts has also
been shown to be an effective zinc alloy mateAdhough thought of as non-biocompatible, the
lead stays within the zinc grain boundaries anmbisdissolved in the electrolyte. Thus, such
added lead may not create a biocompatibility is3he.anode wire also acts to collect the
electrons flowing from the anode and transport tloeinof the electrochemical battery cell. To
accomplish this dual role, excess anode is prefigeatuled to the battery to ensure the anode
remains contiguous. Zinc powder may be used aftenmative anode material as is shown in
Example 2.

The cathode is the electrode component whichdsaed in the electrochemical battery
reaction, and when the electrochemical batteryisgllaced in a circuit with a load, the cathode
attracts electrons from the circuit. The prefecathode material may be manganese dioxide
which is mixed with a conductor additive and bintteform a cathode mix. It may be preferable
to include as much manganese dioxide in the cathoxléo maximize the capacity of the
electrochemical battery cell and to reduce the s&ary size of the cathode. The amount of
cathode in the electrochemical battery cell is heiteed relative the anode and its active amount.
The molar amounts of each the anode and cathodgeteenined so that the cell reaction may
be accomplished for the desired duration. The fofthe cathode is planar in one embodiment,
but may be cylindrical in an alternative embodimditte cylindrical cathode may be extruded or
otherwise shaped while being formed.

The conductor is used to enable electron flow betwcathode particles and from and to
the cathode current collector. The amount of cotatus preferably minimized to accomplish
this task as there is little benefit to adding essceonductor. Conductors appropriate are graphite,
expanded graphite, acetylene black, carbon blaukpgher conductors known by those skilled
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in the art. Preferably acetylene black is usedhéngresent invention as it provides the cathode
mix a desired level of electrolyte absorptivity.

Binder is used in the cathode mix to provide dtiecto the cathode throughout the
electrochemical battery cell life. The binders iyptio provide this structure may not be altered
by the electrolyte or by the expansion of the maega dioxide. Preferred binders include
particulate Teflon® (PTFE) emulsion which may d&iflated during mixing of the cathode
mix.

The cathode mix electrically communicates with¢hthode collector, and the purpose
of the cathode collector is to both electricallyrsounicate electrons to and from the cathode but
to also provide structure to the electrochemicéieacell. A titanium wire is the preferred
structure for the cathode collector as it adeqyatehducts and has the required rigidity in small
diameters. Titanium mesh, titanium ribbon, expanadegh, braided wire all are alternative
cathode collector materials.

Electrolyte is selected for compatibility with theactive electrode materials. For the
zinc anode and a manganese dioxide cathode, ah&t@alectrolyte, or ammonium chloride
NH4C1 solution, zinc chloride ZnCl, zinc acetatel amxture thereof, are one embodiment. For
dilute solutions, acetate electrolytes, which contanc acetate and optionally other acetates
such as ammonium acetates, are preferred duedelzioride's solubility behavior. Salines,
such as sodium chloride NaCl, magnesium chlorid€KMand potassium chloride KClI
solutions together with additives such as sodiunateo boric acid and sodium ethylenediamine
tetraacetate may alternatively be used. For thedjelectrolyte, carboxymethyl cellulose, agar,
or an alternative gelling agent may be used. Tliengeagent is to increase the viscosity of the
electrolyte so that it remains within the cell ddbeation where it is useful, namely between the
anode and cathode.

The gelled electrolyte may be located throughbetdell interior of the electrochemical
battery cell, and is most preferably located betwthe anode and cathode which are disposed
relative each other by a predetermined distancis. diledetermined distance may be calculated
by those skilled in the art, but the distance mbomeafor tolerances necessary to prevent short
circuits caused by the anode and cathode comingritact with each other. As there is no
separator or other physical barrier between thetreldes, a practical distance is necessary in this

embodiment. The gelled electrolyte viscosity dagg@hinder movement of the electrodes and

35



10

15

20

25

30

its placement between the electrodes both actsable ionic communication and to prevent
movement of the electrodes towards each othergé&hed electrolyte may also enhance
biocompatibility, by providing a physical barrienoand the electrodes. Particles moving from
the electrodes are caught in the gelled electragteprevented from moving away from the
electrochemical battery cell or towards the othecteode. In another embodiment a thin barrier
may be placed between the anode and cathode terjin@fative contact. The thin barrier may
be made of a separator material or an ionicallydactive and electronically insulating material.

An anode tab may be mechanically connected tanbee so that it may electrically
transport created electrons from the anode toé¢lgative terminal of the electrochemical battery
cell. Using an extension of zinc wire for this pogp may corrode or otherwise affect
biocompatibility. Therefore titanium or other casiee resistive conductive materials are
appropriate to extend the anode through any pacgagaterial to provide the required external
electron conduit.

The electrochemical battery cell may be enclosealpackaging material to enclose the
cell components to enhance shelf life, restrictdpoxygen, and water migration into and out of
the cell, and to ensure biocompatibility. As thekzging material is inert and plays no role in
the performance of the battery, minimizing the khiess and amount of the material is preferred.
A material that is inert and does not interferehwiite cell reactions is also preferred as is a
material that is easily formed into a contiguouteggr around the entire electrochemical battery
cell while enabling sealing of the terminal eled&s which necessarily penetrate the packaging
and protrude from the packaging. The packaging mahis also preferably easily formed and
sealed by high speed manufacturing processes. Rigtian of the packaging material may also
be desired and this requirement may inform the ipgakaterial selection.

Polypropylene may be preferred as a packaging mbierthat it may be easily weldable
via a variety of processes including heat, ultrasand laser welding. In addition, polypropylene
may be adhesive - bondable and available in atyasfehicknesses and densities. In addition,
polypropylene may be impervious to the preferrettedblyte compositions and may contribute
to biocompatibility. Alternative biocompatible pohers such as polyurethane, poly-
vinylpyrrolidone, silicone elastomers, polyethylepelytetrafluoro ethylene, poly-(p-
phenyleneterephthalamide), polyvinyl chloride, pobpylene, polyolefins, polyesters,

polyacrylates (including polymethacrylates).
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The battery exterior or the exterior surface @f packaging material may also be coated
to further render it biocompatible. Appropriate dnmpatible coatings may include
phosphorylcholine and poly-para-xylylenes, sucpaslene C.

The coated film used as a packaging material reayesat least two barrier functions, in
addition to acting to maintaining the physical griey of the battery. The film may prevent
migration of salt ions, to prevent the loss of #lggte ions in the event that the battery is
surrounded by liquid. The film may also retard watansport, to prevent swelling of the battery.
For the case where the battery is enclosed inladspackage prior to use, the prevention of
oxygen transport is not a critical need; howevarse skilled in the art will recognize that the
same sorts of coatings used to retard moistursgabmay also substantially retard oxygen
transport.

Within the packaging industry, permeability to erabf a material or device is normally
measured by subjecting one side of a barrier fdra given relative humidity while keeping the
other side dry, for example by purging with dry gahkile maintaining a constant temperature,
and measuring the water transmitted across thefifim the side with controlled relative
humidity to the dry side expressed in terms of waspor transmission rate (WVTR), with units
of mass/area*time at a given temperature and vel&timidity. For example, the units may be
expressed as g/m2-day at temperature in degressi€ahd relative humidity.

For the preferred embodiment, the WVTR of the pgoi@may be less than 1 g/m2-day,
or more preferably less than 0.1 g/m2-day, or stdre preferably less than 0.02 g/m2-day,
where said WVTR is measured at between 85 and Ré&#tive Humidity and between 20°C
and 40°C. Instruments for performing such testsaseglable from, for example, MOCON Inc.
(Minneapolis, MN)

It may be noted, however, that conventional WV T&asurements may only measure
moisture transport normal to the barrier film, tleough whatever barrier coating may be
present. Given a sealed package, however, it silledor moisture to transport through the
seam, i.e. parallel to the plane of the barrienfiThis may be especially relevant where the seam
of the package is particularly narrow, for exampks than 100 microns wide. Thus, the barrier
property of the polymer film itself, rather tharetboating, dominates the transport behavior of
the side seam, which may make a nontrivial contigiouto overall moisture transport into and

out of the battery particularly for very small leates, for example those with a package having a
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surface area of 0.5 cm2 or less. Therefore, iteggpable for the WVTR of the polymer to be
less than 10 g/m2-day, or more preferably less $hgim2-day at a thickness of 25 microns, a
temperature between 20°C and 40°C, and a relatinedity between 85 and 100%.

Sealing methods for the packaging material inchir@edescribed ultrasonic and laser
beam welding. Alternative sealing methods includattwelding and the use of biocompatible

adhesives.

Additional Electrolyte Formulations

In some examples, an improvement in gassing ofabatteries may be obtained by
using more highly purified chemicals (substitutB®y99% pure zinc acetate for 98% pure zinc
acetate in our electrolyte formulation.) Additiomraprovements may be obtained by adding zinc
chloride to a zinc acetate based electrolyte whiely also increase battery capacity
significantly. In some examples, this may be beeaithe enhanced utilization of water and/or
the reduced water content in the discharge produaésn zinc chloride is incorporated into the

electrolyte.

Polymer Package Mechanical Integrity

In some examples, a dry polymer film adhesive nrayige a reproducible,
mechanically strong bond with convenient manufacturin some examples, further
improvement may be obtained by using a heat seatapk, comprised of polypropylene or
modified polypropylene on both sides of a polyestge. Such materials may be applied in place
of dry heat sealable polymer film. In some exampléspe used to adhere terminals of lithium-
ion batteries to polypropylene heat sealable pangagvailable from Targray may be used. This
tape may provide a reproducible, strong mechaiicatl between the current collectors and the
polypropylene film packaging.

An alternative dry heat sealable tape example melyde a tape intended for adhering
lithium ion battery terminals to polypropylene pagkng. This tape may be obtained from MTI,
For each of the exemplary heat sealable tapesytba possible to ultrasonically seal the sides
of the package through the tape prior to heatrsgdfie terminals, such that the sides of the cell

were joined together including in the region witle heat sealable tape.
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The bond between the heat sealable tape and thagiag film may be improved by
adjusting conditions for etching of the titaniunedsn the electrode contacts. In some examples,
it may be useful to etch titanium by immersingoit fen minutes in a boiling solution of 10
weight percent oxalic acid in water. In some o#saamples, two additional protocols for
etching—a hydrofluoric acid based etch, and a hyeingoeroxide based etch; may provide
enhanced adhesion of titanium to polypropylenesdme examples, improvement in bonding
may be determined by a burst test (weight waseplan a heat sealed polypropylene package
with one of the sides having a piece of the et¢hadium with the aforementioned heat sealable
tape positioned on both sides of the titanium betwthe titanium and the plastic packaging).

In some examples, Titanium foil may be cleaned iping its surface with
isopropanol,.The resulting cleaned foil may themplaeed onto a series of plastic rods on a
perforated substrate. The foil may be immersedpitkling solution containing 35 g/L 40 wt%
hydrofluoric acid, 23.6 g/L sodium sulfate, and 38D concentrated nitric acid, with the balance
water. Subsequently, the titanium may be rinsetl v@ip water. Then, the etched titanium may
be placed in a phosphate conversion bath compois®88 g/L trisodium phosphate, 21 g/L
potassium fluoride, and 32 g/L 40% hydrofluoriccasolution for approximately two minutes
for example. The titanium may then be rinsed aadqd in a vessel filled with de-ionized water
in a water bath held at 65 °C for a time periodhsag fifteen minutes. The titanium may then be
removed from the bath and dried in a drying oveargo use.

In some examples, a hydrogen peroxide based etglbenperformed with a modified
RAE etcH. The chemical composition of the etch formulatiamesy be varied, for example
where etching solutions may be formed with 2% bigiwesodium hydroxide, and 1%, 2%, or
3% by weight of hydrogen peroxide, with the baladeaonized water. Subsequently, the
solution may next be held in a beaker in a watén baintained at 60 °C. Titanium foil may
next be wiped with isopropanol for cleaning, anehtihacked onto a series of plastic rods on a

perforated substrate. The foil may then be etchemhe of the solutions for 5-20 minutes, then
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removed and rinsed with de-ionized water. The @ddoil may next be allowed to dry in an
oven.

Superior bonding conditions may be observed bytreelsemical testing performed by
holding a sample of cleaned/etched titanium foll &6V against a piece of zinc foil in an
electrolyte solution including approximately 6.2%%c acetate, 0.5% ammonium acetate, and
10 ppm Ii* added as indium sulfate.) It may be noted thatitaeium etched with 1% hydrogen
peroxide as described may draw significantly lessent than unetched titanium. This may
perhaps be due to a formation of an oxide layahertitanium surface during the hydrogen
peroxide etch, which may be called anodization.

In some examples, a titanium current collector tmaynodified in the region where it is
heat sealed resulting in improvements of the meachhimtegrity of the heat seal. In some
examples, the improvement may enables stakingaifdeal tape through the battery, reinforcing
it. In some examples, the results of modificatigrcbtting holes in the terminus of the
electrodes may be tested by manually pressing okegad cells near the cathode terminal using
a metal poking tool. In some examples, qualitayivedproved strength may be observed for
cells with two types of perforated cathode titanicumrent collectors than with unperforated
titanium cathode current collectors. The cells wiith perforated current collectors remained
intact, while the cells with the unperforated cuatreollectors leaked electrolyte when pressed.
This may imply that the mechanical integrity ofattbry cell package may be enhanced by the
perforation, which may lead to increased shelf life

Filling and Sealing Methods

As mentioned previously, one may use ultrasonicimglto exclude electrolyte from a
side seal. Also noted was the possibility of udasgr welding with an appropriate fixture to
accomplish a similar result. In some configuratjdmswvever, the use of ultrasonic welding to
seal a wet cell (a cell with electrolyte presenslyrbe problematic. The cell may not be able to
seal completely. Perhaps this may be becauseiotemction of the ultrasonic energy from the
horn with the electrolyte within a small, enclosgéce creating localized pressure variations
which may damage the seal, particularly aroundehainals.

In some examples, improvement may be achieved éygihg from a one-stage weld to

a two-stage weld. In such an example, where thentapf the cell perimeter was welded for a
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dry cell using heat seals for the ends and ansdlivia seal on the perimeter, the cell was filled,
and then the remaining small open portion of tHepegimeter was sealed ultrasonically. Then
the cell may be degated, and the leads clearexkefs plastic flow from heat sealing using a

small knife.

Use of Adhesives to Hold Components in Alignment

In some examples, it may be helpful to tempordrdid components in place, so that
they do not move out of alignment in subsequemssté/hile mechanical clamping may be a
solution, this may have an issue in that it requgepping in multiple locations, and requires
special fixturing for each step. In some exampesplution may involve using pressure
sensitive adhesives, such as 3M 75 to hold compgsmeiplace. In some examples, using a
mixture of 0.5 wt% sodium carboxymethylcellulosegldtel 2000 GA 07, Dow) may help to
ensure that the cathode, separator, and anodégrecawith each other when stacked, while
still enabling electrolyte conduction.

In some examples, the solution may also includegugery small dots of nonconductive
pressure sensitive adhesive (3M 75) between layéesadhesives may be applied by any
number of conventional methods, such as brushisg@ying as an aerosol (for example, using
a preformulated aerosol can or using a conventiainatush), with the use of a template or

stencil if necessary.

Improved Package Barrier Strength and Mechaniecah§th Through Electroless Plating

In some examples, a narrow side seam in the baieayage may create a region with
poor barrier properties, enabling the transporhofsture and gaseous species into and out of the
cell. Conventional batteries packaged in lamindigsuch cells”) may have much wider seams
on all sides. For example, the side seal of a paetttmay be larger than the entire width of a
micro-battery (2-4 mm per sides under ~1 mm width for a micro-battery). The wideams,
which may not be possible to incorporate in a smatko-battery, may act as an effective
moisture and gas barrier due to width. Thus, arradtive solution is needed for barrier strength
with very narrow seams.

In some examples, a solution may involve overcoggttie micro-batteries with a

conformal barrier layer using electroless platifigere may be a range of techniques available
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for creating a conformal hermetic barrier coati@gercoating a miniaturized carbon-zinc
batteries, however, may present special challedgespresence of moisture within the battery
electrolyte combined with the imperfect barriergedies of the package may mean that there
may be a continual flux of moisture through thekaaing to the surface of the battery. This flux
may act to contaminate the surface. Furthermoesintiperfect packaging may enable outflow of
moisture. Furthermore, limits may be imposed byrtigdting point of the plastic packaging
(roughly 160 °C for polypropylene) which may lintie temperate possible for any coating
method.

Vacuum techniques such as sputter deposition arthti evaporation which require a
clean surface for deposition may also be inferworovercoating micro-batteries due to the
continual flux of moisture to the surface. Andpratc layer deposition may be unsuitable for the
same reason. Other techniques such as sol gehg@atd chemical vapor deposition may
require exposure to temperatures which may dantegbdttery.

In some examples, a desirable solution for imprgViarrier effectiveness and
mechanical strength may involve electroless plaéim@ technique for creating a conformal
barrier coating. Electroless plating is a converdldechnique, which can deposit a conformal
metal layer onto a conducting or nonconductiveingaElectroless plating baths have been
developed for depositing metals such as nickelpegpand tin onto plastic surfaces. The
electroless plated metal may then be further plagug electroless plating or electroplating with
a wide variety of metals, including nickel, coppan, gold, silver, cadmium, and rhodium. In
some cases, because of cost, corrosion, and/oramieahconcerns, it may be desirable to use a
layered structure incorporating more than one elptite layer.

The coating may be made arbitrarily thick, and mmeechanically reinforce the battery in
addition to acting as a barrier. This mechanicafoecement may force hydrogen out the sides
of the cell, reducing or eliminating bulging duehydrogen gas generation during zinc
corrosion. To avoid the creation of a short cirtigtween the battery terminals due to plating, it
may be necessary to mask one or both terminalg asnonconductive material during the
plating process.

In some examples a layer may be formed with eltxgsoplating where electroless

plating and/or electroplating may be used to craataughly 1 mil (25 microns) conformal
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copper coating on them. Platers’ tape may be wseathsk both terminals of these batteries
during plating to avoid short circuiting the baitésrduring the plating processing.

The tape may next be removed from the terminal$ tla@n the batteries may be aged at
room temperature at 50% relative humidity. In ordemake a comparison similar celbich
had not been copper plated were aged under the gamdé@ions. The cells were intermittently
monitored by having their open-circuit voltage measd and their resistance established by
passing three pulses of 20 pA for 100 millisecoiidi® cells may be deemed to have failed
when their resistance was over 20, las compared to under &HKor a fresh cell. The electroless

plated cells may show significant improvement fatime over comparison non-plated cells.

Anode reinforcement:

In some examples, it may be observed that whemgeaicro-battery cells, the anode
can bend, resulting in corrosion. To remedy thmssdme examples the anode may be reinforced

by bonding it to titanium foil using a conventioregdoxy (JB-Weld plastic adhesive.)

Water Reservoir Features

In some examples of flexible microbattery chemisting aqueous electrolyte may
include water that is consumed in the electrochahaiction of the battery. As the water is
consumed, the battery may dry out. Referring ig. F2A a cross section of an exemplary
battery is illustrated. The exemplary battery rhaye similar diversity in structure as have been
described. The battery may have a cathode coh?&€t, and anode contact 1230, an anode
1220 a separator 1280, a cathode 1210 and aléirsible layer 1240 and a second flexible layer
1250. In addition there may be water reservoituies 1295. In some examples, deposits of
hydrogel material 1295 may be formed upon variausigns of the battery structure such as on
the cathode contact as illustrated, or in regiajacent to the cathode or the separator as
examples. Hydrogel may swell when exposed to religte and effectively create a store of
water that may be passed onto the cathode asttiedeadries out during operation. In some
examples, the hydrogel may be deposited as a siayse, in other examples it may be printed
to have a duty cycle to allow for swelling to n@rsficantly add to the dimensions of the battery
cell. Referring to Fig. 12B, a top down view illteges the cathode contact 1290 the anode

contact 1230 as well as a linear example of a lgalrdeposit 1295. Referring to Fig. 12C, the
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hydrogel deposit may be illustrated as circularaeg of hydrogel printed to various regions of
the micro-battery. In some examples, hydrogel mumgromay be spray coated upon battery
features with optional masking layers as approgrid other examples, an additive
manufacturing apparatus such as an Optomec mutipaxter may print hydrogel features upon
the battery components. During filling processhaf electrolyte the hydrogel will swell an
amount based upon the formulation of the hydrogfesome examples as water diffuses out of
the hydrogel regions into the cathode and separatpons, the void space may allow some
room for gasses evolved in the battery to fillhe space.

Exemplary Biomedical Device Construction with Biogoatible Energization Elements

An example of a biomedical device that may incoap®the energization elements,
batteries, of the present invention may be an mactive focal-adjusting contact lens. Referring
to Fig. 1A, an example of such a contact lens tnsay be depicted as contact lens insert 100. In
the contact lens insert 100, there may be an ekdive element 120 that may accommodate
focal characteristic changes in response to cdimgololtages. A circuit 105, to provide those
controlling voltage signals as well as to providleen functions such as controlling sensing of the
environment for external control signals, may bevpieed by a biocompatible battery element
110. As depicted in Fig. 1A, the battery elemer@ frifay be found as multiple major pieces, in
this case three pieces, and may include the vadonfgurations of battery chemistry elements
as has been discussed. The battery elements 118awayarious interconnect features to join
together pieces as may be depicted underlyingaiem of interconnect 114. The battery
elements 110 may be connected to a circuit eled@nthat may have its own substrate 115
upon which interconnect features 125 may be located circuit 105, which may be in the form
of an integrated circuit, may be electrically aftnygically connected to the substrate 115 and its
interconnect features 125.

Referring to Fig. 1B, a cross sectional relief @oatact lens 150 may comprise contact
lens insert 100 and its discussed constituentscdhtact lens insert 100 may be encapsulated
into a skirt of contact lens hydrogel 155 which neagapsulate the contact lens insert 100 and

provide a comfortable interface of the contact €58 to a user’s eye.
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Electrical Requirements of Microbatteries

Another area for design considerations may retatbe electrical requirements of the
device, which may be provided by the battery. kheoito function as a power source for a
medical device, an appropriate battery may needeet the full electrical requirements of the
system when operating in a non-connected or noareaily powered mode. An emerging field
of non-connected or non-externally powered biomadievices may include, for example,
vision-correcting contact lenses, health monitodegices, pill cameras, and novelty devices.
Recent developments in integrated circuit (IC) tedbgy may permit meaningful electrical
operation at very low current levels, for exampliepamps of standby current and microamps of
operating current. IC’s may also permit very srdaNices.

Microbatteries for biomedical applications may bquired to meet many simultaneous,
challenging requirements. For example, the mictebainay be required to have the capability
to deliver a suitable operating voltage to an ipooated electrical circuit. This operating voltage
may be influenced by several factors includinglgrocess “node,” the output voltage from
the circuit to another device, and a particularentrconsumption target which may also relate to
a desired device lifetime.

With respect to the IC process, nodes may typidalygifferentiated by the minimum
feature size of a transistor, such as its “so-daliensistor channel. This physical feature, along
with other parameters of the IC fabrication, sustyate oxide thickness, may be associated with
a resulting rating standard for “turn-on” or “thine¢d” voltages of field-effect transistors (FET’S)
fabricated in the given process node. For exanple,node with a minimum feature size of 0.5
microns, it may be common to find FET’s with turn-eoltages of 5.0V. However, at a
minimum feature size of 90 nm, the FET's may tumat 1.2, 1.8, and 2.5V. The IC foundry
may supply standard cells of digital blocks, foaswle, inverters and flip-flops that have been
characterized and are rated for use over certdingeranges. Designers chose an IC process
node based on several factors including densitigfal devices, analog/digital mixed signal
devices, leakage current, wiring layers, and alaitg of specialty devices such as high-voltage
FET’s. Given these parametric aspects of the édattomponents, which may draw power
from a microbattery, it may be important for thecrobattery power source to be matched to the
requirements of the chosen process node and IQrdesspecially in terms of available voltage

and current.
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In some examples, an electrical circuit powerea pyicrobattery, may connect to
another device. In non-limiting examples, the nmatbery-powered electrical circuit may
connect to an actuator or a transducer. Dependirteapplication, these may include a light-
emitting diode (LED), a sensor, a microelectromedata system (MEMS) pump, or numerous
other such devices. In some examples, such corthdetaces may require higher operating
voltage conditions than common IC process nodeseXxample, a variable-focus lens may
require 35V to activate. The operating voltage pted by the battery may therefore be a critical
consideration when designing such a system. In sx@amples of this type of consideration, the
efficiency of a lens driver to produce 35V from\4 Hattery may be significantly less than it
might be when operating from a 2V battery. Furtiegluirements, such as die size, may be
dramatically different considering the operatinggmaeters of the microbattery as well.

Individual battery cells may typically be rated widpen-circuit, loaded, and cutoff
voltages. The open-circuit voltage is the potergralduced by the battery cell with infinite load
resistance. The loaded voltage is the potentiayed by the cell with an appropriate, and
typically also specified, load impedance placedssthe cell terminals. The cutoff voltage is
typically a voltage at which most of the batterg lh@en discharged. The cutoff voltage may
represent a voltage, or degree of discharge, befowh the battery may not be discharged to
avoid deleterious effects such as excessive gasBirggcutoff voltage may typically be
influenced by the circuit to which the battery @oected, not just the battery itself, for example,
the minimum operating voltage of the electronicuit. In one example, an alkaline cell may
have an open-circuit voltage of 1.6V, a loadedagstin the range 1.0 to 1.5V, and a cutoff
voltage of 1.0V. The voltage of a given microbatteell design may depend upon other factors
of the cell chemistry employed. And, different agllemistry may therefore have different cell
voltages.

Cells may be connected in series to increase \@ltagwvever, this combination may
come with tradeoffs to size, internal resistanoel, laattery complexity. Cells may also be
combined in parallel configurations to decreasestasce and increase capacity; however, such a
combination may tradeoff size and shelf life.

Battery capacity may be the ability of a batterglédiver current, or do work, for a period
of time. Battery capacity may typically be spedifia units such as microamp-hours. A battery

that may deliver 1 microamp of current for 1 hoas 1 microamp-hour of capacity. Capacity
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may typically be increased by increasing the masd fience volume) of reactants within a
battery device; however, it may be appreciatedlii@hedical devices may be significantly
constrained on available volume. Battery capacsy miso be influenced by electrode and
electrolyte material as well as other factors saglthe physical design of the electrodes, the
nature and dimensions of any separator materipbdexd between the electrodes and the relative
proportions of anode, cathode active materialsgaotive aids and electrolyte.

Depending on the requirements of the circuitry tocl the battery is connected, a
battery may be required to source current ovengaaf values. During storage prior to active
use, a leakage current on the order of picoampartioamps may flow through circuits,
interconnects, and insulators. During active op@natircuitry may consume quiescent current
to sample sensors, run timers, and perform suclpomer consumption functions. Quiescent
current consumption may be on the order of nanodampslliamps. Circuitry may also have
even higher peak current demands, for example, winigimg flash memory or communicating
over radio frequency (RF). This peak current magma to tens of milliamps or more. The
resistance and impedance of a microbattery devaeaiso be important to design
considerations.

Shelf life typically refers to the period of timenhigh a battery may survive in storage and
still maintain useful operating parameters. Shidfrhay be particularly important for
biomedical devices for several reasons. Electrdaigces may displace non-powered devices, as
for example may be the case for the introductioaroélectronic contact lens. Products in these
existing market spaces may have established steefEfjuirements, for example, three years,
due to customer, supply chain, and other requirégsnémay typically be desired that such
specifications not be altered for new products IiSife requirements may also be set by the
distribution, inventory, and use methods of a dewncluding a microbattery. Accordingly,
microbatteries for biomedical devices may have isipeshelf life requirements, which may be,
for example, measured in the number of years.

In some examples, three-dimensional biocompatideg@zation elements may be
rechargeable. For example, an inductive coil mag bk fabricated on the three-dimensional
surface. The inductive coil could then be energizéh a radio-frequency (“RF”) fob. The
inductive coil may be connected to the three-dirnmerad biocompatible energization element to

recharge the energization element when RF is appi¢he inductive coil. In another example,
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photovoltaics may also be fabricated on the thieeedsional surface and connected to the
three-dimensional biocompatible energization ela@mfmen exposed to light or photons, the
photovoltaics will produce electrons to recharge¢hergization element.

In some examples, a battery may function to proth@eelectrical energy for an electrical
system. In these examples, the battery may beriekdtt connected to the circuit of the
electrical system. The connections between a tiecul a battery may be classified as
interconnects. These interconnects may becomeasiogly challenging for biomedical
microbatteries due to several factors. In some @k@snpowered biomedical devices may be
very small thus allowing little area and volume floe interconnects. The restrictions of size and
area may impact the electrical resistance andoitiaof the interconnections.

In other respects, a battery may contain a ligledtelyte which could boil at high
temperature. This restriction may directly compeith the desire to use a solder interconnect
which may, for example, require relatively high f@mratures such as 250 degrees Celsius to
melt. Although in some examples, the battery chegisicluding the electrolyte, and the heat
source used to form solder based interconnects bmagolated spatially from each other. In the
cases of emerging biomedical devices, the smallmsiay preclude the separation of electrolyte

and solder joints by sufficient distance to redoeat conduction.

Modular Battery Components

In some examples, a modular battery component redgrimed according to some
aspects and examples of the present inventiohelsetexamples, the modular battery assembly
may be a separate component from other parts dfitimeedical device. In the example of an
ophthalmic contact lens device, such a design mayde a modular battery that is separate
from the rest of a media insert. There may be nooseadvantages of forming a modular battery
component. For example, in the example of the cbieas, a modular battery component may
be formed in a separate, non-integrated processhwhay alleviate the need to handle rigid,
three-dimensionally formed optical plastic compdeem addition, the sources of
manufacturing may be more flexible and may oparatemore parallel mode to the
manufacturing of the other components in the biaoadlevice. Furthermore, the fabrication of
the modular battery components may be decoupled fin@ characteristics of three-dimensional

(3D) shaped devices. For example, in applicatieasiring three-dimensional final forms, a
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modular battery system may be fabricated in aditabughly two-dimensional (2D) perspective
and then shaped to the appropriate three-dimerisbape. In some examples, the battery may
be small enough to not perturb a three dimensisimabe even if it is not bent. In some other
examples, a coupling of multiple small batterieg/iainto a three dimensionally shaped space.
A modular battery component may be tested indepshydef the rest of the biomedical device
and yield loss due to battery components may keddefore assembly. The resulting modular
battery component may be utilized in various ma&usart constructs that do not have an
appropriate rigid region upon which the battery poments may be formed; and, in a still further
example, the use of modular battery componentsfawitate the use of different options for
fabrication technologies than might otherwise bkzetl, such as, web-based technology (roll to
roll), sheet-based technology (sheet-to-sheet)tipg, lithography, and “squeegee” processing.
In some examples of a modular battery, the disa@téainment aspect of such a device may
result in additional material being added to theraill biomedical device construct. Such effects
may set a constraint for the use of modular batiehytions when the available space parameters

require minimized thickness or volume of solutions.

Battery Element Separators

Batteries of the type described in the presentriiwa may utilize a separator material that
physically and electrically separates the anodesawadie current collector portions from the
cathode and cathode current collector portions.sEparator may be a membrane that is
permeable to water and dissolved electrolyte corapts) however, it may typically be
electrically non-conductive. While a myriad of coentially-available separator materials may
be known to those of skill in the art, the novehfidactor of the present invention may present
unique constraints on the task of separator selegbrocessing, and handling.

Since the designs of the present invention may héxethin profiles, the choice may be
limited to the thinnest separator materials typycavailable. For example, separators of
approximately 25 microns in thickness may be dbréSome examples which may be
advantageous may be about 12 microns in thickiié®&se may be numerous acceptable
commercial separators include microfibrillated, romorous polyethylene monolayer and/or
polypropylene-polyethylene-polypropylene (PP/PE/®R)yer separator membranes such as
those produced by Celgard (Charlotte, NC). A detgraxample of separator material may be
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Celgard M824 PP/PE/PP trilayer membrane havingcérnbss of 12 microns. Alternative
examples of separator materials useful for exangfiéfse present invention may include
separator membranes including regenerated cell(gogecellophane).

While PP/PE/PP trilayer separator membranes mag advantageous thickness and
mechanical properties, owing to their polyolefinl@aracter, they may also suffer from a number
of disadvantages that may need to be overcomedar to make them useful in examples of the
present invention. Roll or sheet stock of PP/PEffdyer separator materials may have
numerous wrinkles or other form errors that mayléleterious to the micron-level tolerances
applicable to the batteries described herein. Eunibre, polyolefin separators may need to be
cut to ultra-precise tolerances for inclusion ia gresent designs, which may therefore implicate
laser cutting as an exemplary method of formingréi® current collectors in desirable shapes
with tight tolerances. Owing to the polyolefinicashcter of these separators, certain cutting
lasers useful for micro fabrication may employ tasavelengths, e.g. 355 nm, that may not cut
polyolefins. The polyolefins do not appreciably afiisthe laser energy and are thereby non-
ablatable. Finally, polyolefin separators may meitherently wettable to aqueous electrolytes
used in the batteries described herein.

Nevertheless, there may be methods for overcorieggtinherent limitations for
polyolefinic type membranes. In order to presemieroporous separator membrane to a high-
precision cutting laser for cutting pieces into segments or other advantageous separator
designs, the membrane may need to be flat and \e+frde. If these two conditions are not met,
the separator membrane may not be fully cut beddmgseutting beam may be inhibited as a
result of defocusing of or otherwise scatteringitteéddent laser energy. Additionally, if the
separator membrane is not flat and wrinkle-free fthhm accuracy and geometric tolerances of
the separator membrane may not be sufficientlyeaehi. Allowable tolerances for separators of
current examples may be, for example, +0 microms-a0 microns with respect to characteristic
lengths and/or radii. There may be advantagesdbter tolerances of +0 microns and -10
micron and further for tolerances of +0 microns andhicrons. Separator stock material may be
made flat and wrinkle-free by temporarily lamingtithe material to a float glass carrier with an
appropriate low-volatility liquid. Low-volatilityiquids may have advantages over temporary
adhesives due to the fragility of the separator brame and due to the amount of processing

time that may be required to release separator maralirom an adhesive layer. Furthermore, in
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some examples achieving a flat and wrinkle-freeassgpr membrane on float glass using a
liquid has been observed to be much more facile tisang an adhesive. Prior to lamination, the
separator membrane may be made free of particulEités may be achieved by ultrasonic
cleaning of separator membrane to dislodge anwasew&dherent particulates. In some examples,
handling of a separator membrane may be doneuitab$e, low-particle environment such as a
laminar flow hood or a cleanroom of at least clB3$00. Furthermore, the float glass substrate
may be made to be particulate free by rinsing aittappropriate solvent, ultrasonic cleaning,
and/or wiping with clean room wipes.

While a wide variety of low-volatility liquids malye used for the mechanical purpose of
laminating microporous polyolefin separator membesato a float glass carrier, specific
requirements may be imposed on the liquid to fiatdi subsequent laser cutting of discrete
separator shapes. One requirement may be thagthe has a surface tension low enough to
soak into the pores of the separator material wirialy easily be verified by visual inspection. In
some examples, the separator material turns frait@ color to a translucent appearance when
liquid fills the micropores of the material. It mhg desirable to choose a liquid that may be
benign and “safe” for workers that may be exposetthé preparation and cutting operations of
the separator. It may be desirable to choose aligbhose vapor pressure may be low enough so
that appreciable evaporation does not occur duhedime scale of processing (on the order of 1
day). Finally, in some examples the liquid may hswicient solvating power to dissolve
advantageous UV absorbers that may facilitateaberlcutting operation. In an example, it has
been observed that a 12 percent (w/w) solutiorvobanzone UV absorber in benzyl benzoate
solvent may meet the aforementioned requiremerttsraay lend itself to facilitating the laser
cutting of polyolefin separators with high precisiand tolerance in short order without an
excessive number of passes of the cutting lasenbeasome examples, separators may be cut
with an 8W 355 nm nanosecond diode-pumped soltd &aer using this approach where the
laser may have settings for low power attenuatgog. 3 percent power), a moderate speed of 1
to 10 mm/s, and only 1 to 3 passes of the lasenbé#hile this UV-absorbing oily composition
has been proven to be an effective laminating aithg process aid, other oily formulations
may be envisaged by those of skill in the art asetuvithout limitation.

In some examples, a separator may be cut whild fizea float glass. One advantage of

laser cutting separators while fixed to a floasglaarrier may be that a very high number
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density of separators may be cut from one sepastok sheet much like semiconductor die
may be densely arrayed on a silicon wafer. Sucip@noach may provide economy of scale and
parallel processing advantages inherent in semictindprocesses. Furthermore, the generation
of scrap separator membrane may be minimized. Gggarators have been cut, the oily process
aid fluid may be removed by a series of extracsitmps with miscible solvents, the last
extraction may be performed with a high-volatistylvent such as isopropyl alcohol in some
examples. Discrete separators, once extractedpmatored indefinitely in any suitable low-
particle environment.

As previously mentioned polyolefin separator membgamay be inherently hydrophobic
and may need to be made wettable to aqueous anfactsed in the batteries of the present
invention. One approach to make the separator nembrwettable may be oxygen plasma
treatment. For example, separators may be treatedtb 5 minutes in a 100 percent oxygen
plasma at a wide variety of power settings and eryfiipw rates. While this approach may
improve wettability for a time, it may be well-knovthat plasma surface modifications provide a
transient effect that may not last long enoughrétrust wetting of electrolyte solutions. Another
approach to improve wettability of separator membsamay be to treat the surface by
incorporating a suitable surfactant on the membrbBmngome cases, the surfactant may be used
in conjunction with a hydrophilic polymeric coatitizat remains within the pores of the
separator membrane.

Another approach to provide more permanence thydeophilicity imparted by an
oxidative plasma treatment may be by subsequeathtent with a suitable hydrophilic
organosilane. In this manner, the oxygen plasmalmaysed to activate and impart functional
groups across the entire surface area of the noooog separator. The organosilane may then
covalently bond to and/or non-covalently adherthéoplasma treated surface. In examples using
an organosilane, the inherent porosity of the npiorous separator may not be appreciably
changed, monolayer surface coverage may also shpoand desired. Prior art methods
incorporating surfactants in conjunction with pobme coatings may require stringent controls
over the actual amount of coating applied to thenbrane, and may then be subject to process
variability. In extreme cases, pores of the separaty become blocked, thereby adversely
affecting utility of the separator during the ogera of the electrochemical cell. An exemplary

organosilane useful in the present invention magBkeminopropyl)triethoxysilane. Other
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hydrophilic organosilanes may be known to thosgkdf in the art and may be used without
limitation.

Still another method for making separator membravestable by aqueous electrolyte
may be the incorporation of a suitable surfactarihe electrolyte formulation. One
consideration in the choice of surfactant for mglseparator membranes wettable may be the
effect that the surfactant may have on the actnitgne or more electrodes within the
electrochemical cell, for example, by increasing eékectrical impedance of the cell. In some
cases, surfactants may have advantageous antsmorioroperties, specifically in the case of
zinc anodes in aqueous electrolytes. Zinc may bexample of a material known to undergo a
slow reaction with water to liberate hydrogen galsich may be undesirable. Numerous
surfactants may be known by those of skill in thaa@limit rates of said reaction to
advantageous levels. In other cases, the surfatianso strongly interact with the zinc
electrode surface that battery performance maynpeded. Consequently, much care may need
to be made in the selection of appropriate surfadigpes and loading levels to ensure that
separator wettability may be obtained without d=leusly affecting electrochemical
performance of the cell. In some cases, a plurafigurfactants may be used, one being present
to impart wettability to the separator membrane tedother being present to facilitate anti-
corrosion properties to the zinc anode. In one gt@mmo hydrophilic treatment is done to the
separator membrane and a surfactant or pluralispdfctants is added to the electrolyte
formulation in an amount sufficient to effect wéitdy of the separator membrane.

Discrete separators may be integrated into a tulmilerobattery by direct placement into

a portion of one or sides of a tube assembly.

Polymerized Battery Element Separators

In some battery designs, the use of a discreteragp (as described in a previous
section) may be precluded due to a variety of nreasach as the cost, the availability of
materials, the quality of materials, or the comfilesf processing for some material options as
non-limiting examples.

A method to achieve a uniform, mechanically rodosnh-in-place separator may be to
use UV-curable hydrogel formulations. Numerous wptrmeable hydrogel formulations may

be known in various industries, for example, thetaot lens industry. An example of a common
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hydrogel in the contact lens industry may be patgitoxyethylmethacrylate) crosslinked gel, or
simply pHEMA. For numerous applications of the pregsnvention, pHEMA may possess many
attractive properties for use in Leclanché and-zabon batteries. pHEMA typically may
maintain a water content of approximately 30-4@eet in the hydrated state while maintaining
an elastic modulus of about 100 psi or greatethéamore, the modulus and water content
properties of crosslinked hydrogels may be adjubtedne of skill in the art by incorporating
additional hydrophilic monomeric (e.g. methacry@ad) or polymeric (e.g.

polyvinylpyrrolidone) components. In this mannée tvater content, or more specifically, the
ionic permeability of the hydrogel may be adjustgdormulation.

Of particular advantage in some examples, a dassaol polymerizable hydrogel
formulation may contain one or more diluents talitate processing. The diluent may be chosen
to be volatile such that the castable mixture magdueegeed into a cavity, and then allowed a
sufficient drying time to remove the volatile salweomponent. After drying, a bulk
photopolymerization may be initiated by exposuradtnic radiation of appropriate wavelength,
such as blue UV light at 420 nm, for the chosentqhdiator, such as CGI 819. The volatile
diluent may help to provide a desirable applicati@tosity so as to facilitate casting a uniform
layer of polymerizable material in the cavity. Wadatile diluent may also provide beneficial
surface tension lowering effects, particularlyhie tase where strongly polar monomers are
incorporated in the formulation. Another aspect thay be important to achieve the casting of a
uniform layer of polymerizable material in the dgvinay be the application viscosity. Common
small molar mass reactive monomers typically dohaste very high viscosities, which may be
typically only a few centipoise. In an effort toopide beneficial viscosity control of the castable
and polymerizable separator material, a high molass polymeric component known to be
compatible with the polymerizable material may bkested for incorporation into the
formulation. Examples of high molar mass polymehsclv may be suitable for incorporation
into exemplary formulations may include polyvinytpglidone and polyethylene oxide.

In some examples the castable, polymerizable agpanay be advantageously applied
into a designed cavity, as previously describedlternative examples, there may be no cavity at
the time of polymerization. Instead, the castabtdymerizable separator formulation may be
coated onto an electrode-containing substrateeXample, patterned zinc plated brass, and then

subsequently exposed to actinic radiation usingaigmask to selectively polymerize the
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separator material in targeted areas. Unreacteataep material may then be removed by
exposure to appropriate rinsing solvents. In tleesamples, the separator material may be

designated as a photo-patternable separator.

Multiple Component Separator Formulations

The separator, useful according to examples optasent invention, may have a number
of properties that may be important to its functionsome examples, the separator may
desirably be formed in such a manner as to crephgsical barrier such that layers on either
side of the separator do not physically contactamether. The layer may therefore have an
important characteristic of uniform thickness, simdhile a thin layer may be desirable for
numerous reasons, a void or gap free layer magsenéal. Additionally, the thin layer may
desirably have a high permeability to allow for fhee flow of ions. Also, the separator requires
optimal water uptake to optimize mechanical prapsrof the separator. Thus, the formulation
may contain a crosslinking component, a hydroplpititymer component, and a solvent
component.

A crosslinker may be a monomer with two or morg/perizable double bonds. Suitable
crosslinkers may be compounds with two or more pelyzable functional groups. Examples of
suitable hydrophilic crosslinkers may also incledenpounds having two or more polymerizable
functional groups, as well as hydrophilic functibgeoups such as polyether, amide or hydroxyl
groups. Specific examples may include TEGDMA (tetingleneglycol dimethacrylate),
TrEGDMA (triethyleneglycol dimethacrylate), ethyksgiycol dimethacylate (EGDMA),
ethylenediamine dimethyacrylamide, glycerol dimetlgate and combinations thereof.

The amounts of crosslinker that may be used iresexamples may range, e.g., from
about 0.000415 to about 0.0156 mole per 100 grdmesactive components in the reaction
mixture. The amount of hydrophilic crosslinker useay generally be about O to about 2 weight
percent and, for example, from about 0.5 to abauei@ht percent. Hydrophilic polymer
components capable of increasing the viscosith@féactive mixture and/or increasing the
degree of hydrogen bonding with the slow-reactipdrophilic monomer, such as high
molecular weight hydrophilic polymers, may be daislie.

The high molecular weight hydrophilic polymers yide improved wettability, and in

some examples may improve wettability to the sdpard the present invention. In some non-
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limiting examples, it may be believed that the higblecular weight hydrophilic polymers are
hydrogen bond receivers which in aqueous enviromsnéydrogen bond to water, thus
becoming effectively more hydrophilic. The abseatwater may facilitate the incorporation of
the hydrophilic polymer in the reaction mixture.idefrom the specifically named high
molecular weight hydrophilic polymers, it may beegted that any high molecular weight
polymer may be useful in the present invention faled that when said polymer is added to an
exemplary silicone hydrogel formulation, the hydmdig polymer (a) does not substantially
phase separate from the reaction mixture and (paita wettability to the resulting cured
polymer.

In some examples, the high molecular weight hydlitmppolymer may be soluble in the
diluent at processing temperatures. Manufacturneggsses which use water or water soluble
diluents, such as isopropyl alcohol (IPA), may bsidhble examples due to their simplicity and
reduced cost. In these examples, high moleculagiwéiydrophilic polymers which are water
soluble at processing temperatures may also beatbesexamples.

Examples of high molecular weight hydrophilic polgrs may include but are not limited
to polyamides, polylactones, polyimides, polylacsaand functionalized polyamides,
polylactones, polyimides, polylactams, such as BN@ copolymers thereof, or alternatively,
DMA functionalized by copolymerizing DMA with a lesr molar amount of a hydroxyl-
functional monomer such as HEMA, and then readtieghydroxyl groups of the resulting
copolymer with materials containing radical polymable groups. High molecular weight
hydrophilic polymers may include but are not lindit® poly-N-vinyl pyrrolidone, poly-N-vinyl-
2-piperidone, poly-N-vinyl-2-caprolactam, poly-Nayi-3-methyl-2-caprolactam, poly-N-vinyl-
3-methyl-2-piperidone, poly-N-vinyl-4-methyl-2-pipdone, poly-N-vinyl-4-methyl-2-
caprolactam, poly-N-vinyl-3-ethyl-2-pyrrolidone, dpoly-N-vinyl-4,5-dimethyl-2-pyrrolidone,
polyvinylimidazole, poly-N--N-dimethylacrylamidepfyvinyl alcohol, polyacrylic acid,
polyethylene oxide, poly 2 ethyl oxazoline, hepgratysaccharides, polysaccharides, mixtures
and copolymers (including block or random, brancmeditichain, comb-shaped or star-shaped)
thereof where poly-N-vinylpyrrolidone (PVP) may &elesirable example where PVP has been
added to a hydrogel composition to form an integbexting network which shows a low degree
of surface friction and a low dehydration rate.

Additional components or additives, which may gaftg be known in the art, may also
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be included. Additives may include but are not {edito ultra-violet absorbing compounds,
photo-initiators such as CGI 819, reactive tintgjraicrobial compounds, pigments,
photochromic, release agents, combinations themedthe like.

The method associated with these types of sepanatay also include receiving CGI
819; and then mixing with PVP, HEMA, EGDMA and IPdnd then curing the resulting mixture
with a heat source or an exposure to photons.rresexamples the exposure to photons may
occur where the photons’ energy is consistent aitvavelength occurring in the ultraviolet
portion of the electromagnetic spectrum. Other w&shof initiating polymerization generally

performed in polymerization reactions are withia #tope of the present invention.

Interconnects

Interconnects may allow current to flow to and frtma battery in connection with an
external circuit. Such interconnects may interfadé the environments inside and outside the
battery, and may cross the boundary or seal betthemse environments. These interconnects
may be considered as traces, making connectioas éxternal circuit, passing through the
battery seal, and then connecting to the currdigators inside the battery. As such, these
interconnects may have several requirements. Quts&lbattery, the interconnects may
resemble typical printed circuit traces. They maysbldered to, or otherwise connect to, other
traces. In an example where the battery is a sepphgsical element from a circuit board
comprising an integrated circuit, the battery iobemect may allow for connection to the
external circuit. This connection may be formedwgblder, conductive tape, conductive ink or
epoxy, or other means. The interconnect tracesmaag to survive in the environment outside
the battery, for example, not corroding in the pres of oxygen.

As the interconnect passes through the batteryis@ady be of critical importance that
the interconnect coexist with the seal and pergatisg. Adhesion may be required between the
seal and interconnect in addition to the adhesibichvmay be required between the seal and
battery package. Seal integrity may need to be taared in the presence of electrolyte and other
materials inside the battery. Interconnects, winiety typically be metallic, may be known as
points of failure in battery packaging. The elewdripotential and/or flow of current may
increase the tendency for electrolyte to “creephglthe interconnect. Accordingly, an

interconnect may need to be engineered to maistahintegrity.
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Inside the battery, the interconnects may interfaitle the current collectors or may
actually form the current collectors. In this redjahe interconnect may need to meet the
requirements of the current collectors as descriteedin, or may need to form an electrical
connection to such current collectors.

One class of candidate interconnects and curréieictars is metal foils. Such foils are
available in thickness of 25 microns or less, whitdke them suitable for very thin batteries.
Such foil may also be sourced with low surface fowggs and contamination, two factors which
may be critical for battery performance. The foilay include zinc, nickel, brass, copper,

titanium, other metals, and various alloys.

Current Collectors and Electrodes

Many of the current collector and electrode desaesenvisioned to be formed by the
deposition of metal films upon a sidewall, or bg tise of metallic wires as substrates to form
the current collectors and electrodes. Examplékaxfe have been illustrated. Nevertheless, there
may be some designs that utilize other currenectdl or electrode designs in a tube battery
format.

In some examples of zinc carbon and Leclanche,¢bscathode current collector may
be a sintered carbon rod. This type of material faag technical hurdles for thin
electrochemical cells of the present inventiorsdme examples, printed carbon inks may be
used in thin electrochemical cells to replace &esau carbon rod for the cathode current
collector, and in these examples, the resultingogewmay be formed without significant
impairment to the resulting electrochemical ceypitally, said carbon inks may be applied
directly to packaging materials which may comppsé/mer films, or in some cases metal foils.
In the examples where the packaging film may bestahfoil, the carbon ink may need to
protect the underlying metal foil from chemical degation and/or corrosion by the electrolyte.
Furthermore, in these examples, the carbon inleaticollector may need to provide electrical
conductivity from the inside of the electrochemicall to the outside of the electrochemical cell,
implying sealing around or through the carbon ink.

Carbon inks also may be applied in layers that liae and relatively small thickness,
for example, 10 to 20 microns. In a thin electraulual cell design in which the total internal

package thickness may only be about 100 to 150omsgithe thickness of a carbon ink layer

58



10

15

20

25

30

may take up a significant fraction of the totakmmtal volume of the electrochemical cell, thereby
negatively impacting electrical performance of tled. Further, the thin nature of the overall
battery and the current collector in particular nmaply a small cross-sectional area for the
current collector. As resistance of a trace in@sasgth trace length and decreases with cross-
sectional area, there may be a direct tradeoff &d&tveurrent collector thickness and resistance.
The bulk resistivity of carbon ink may be insuféoi to meet the resistance requirement of thin
batteries. Inks filled with silver or other condiwet metals may also be considered to decrease
resistance and/or thickness, but they may introdeee challenges such as incompatibility with
novel electrolytes. In consideration of these fegtn some examples it may be desirable to
realize efficient and high performance thin elecramical cells of the present invention by
utilizing a thin metal foil as the current collector to apply a thin metal film to an underlying
polymer packaging layer to act as the current ctile Such metal foils may have significantly
lower resistivity, thereby allowing them to meetadtical resistance requirements with much less
thickness than printed carbon inks.

In some examples, one or more of the tube formshmeaysed as a substrate for
electrodes and current collectors, or as curreliéators themselves. In some examples, the
metals of a tube form may have depositions madleetio surfaces. For example, metal tube
pieces may serve as a substrate for a sputtereghtaollector metal or metal stack. Exemplary
metal stacks useful as cathode current collectaeng e Ti-W (titanium-tungsten) adhesion
layers and Ti (titanium) conductor layers. Exemplaietal stacks useful as anode current
collectors may be Ti-W adhesion layers, Au (goloductor layers, and In (indium) deposition
layers. The thickness of the PVD layers may betless 500 nm in total. If multiple layers of
metals are used, the electrochemical and barrngrepties may need to be compatible with the
battery. For example, copper may be electroplatetbp of a seed layer to grow a thick layer of
conductor. Additional layers may be plated upondbgper. However, copper may be
electrochemically incompatible with certain elebttes especially in the presence of zinc.
Accordingly, if copper is used as a layer in thedyg, it may need to be sufficiently isolated
from the battery electrolyte. Alternatively, coppeay be excluded or another metal substituted.

Wires made from numerous materials may also be tastatm current collectors and/or
substrates for electrodes. In some examples, th& cenductor may penetrate an insulator

material such as glass or ceramic to provide datesw electrical current collector contact. In
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some examples the wire may be made of titaniurotiar examples, other base metals
including but not limited to Aluminum, Tungsten, @er, Gold, Silver, Platinum may be used

and may have surface films applied.

Cathode Mixtures and Depositions

There may be numerous cathode chemistry mixtusgsniy be consistent with the
concepts of the present invention. In some exampleathode mixture, which may be a term for
a chemical formulation used to form a battery'sode, may be applied as a paste, gel,
suspension, or slurry, and may comprise a tramsitietal oxide such as manganese dioxide,
some form of conductive additive which, for examphay be a form of conductive powder such
as carbon black or graphite, and a water-solubigper such as polyvinylpyrrolidone (PVP) or
some other binder additive. In some examples, aeponents may be included such as one or
more of binders, electrolyte salts, corrosion iitbits, water or other solvents, surfactants,
rheology modifiers, and other conductive additisgh as, conductive polymers. Once
formulated and appropriately mixed, the cathodetunéxmay have a desirable rheology that
allows it to either be dispensed onto desired postiof the separator and/or cathode current
collector, or squeegeed through a screen or stienaisimilar manner. In some examples, the
cathode mixture may be dried before being usedter tell assembly steps, while in other
examples, the cathode may contain some or alleoékbctrolyte components, and may only be
partially dried to a selected moisture content.

The transition metal oxide may, for example, be gaaese dioxide. The manganese
dioxide which may be used in the cathode mixturg beg for example, electrolytic manganese
dioxide (EMD) due to the beneficial additional sfiecenergy that this type of manganese
dioxide provides relative to other forms, such atiral manganese dioxide (NMD) or chemical
manganese dioxide (CMD). Furthermore, the EMD usefbatteries of the present invention
may need to have a particle size and particledistelbution that may be conducive to the
formation of depositable or printable cathode migtpastes/slurries. Specifically, the EMD may
be processed to remove significant large partiewdatnponents that may be considered large
relative to other features such as battery intedimaénsions, separator thicknesses, dispense tip
diameters, stencil opening sizes, or screen mesk.Particle size optimization may also be

used to improve performance of the battery, fomgxa, internal impedance and discharge
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capacity.

Milling is the reduction of solid materials from @@average particle size to a smaller
average particle size, by crushing, grinding, ogttvibrating, or other processes. Milling may
also be used to free useful materials from matiemals in which they may be embedded, and
to concentrate minerals. A mill is a device thaaks solid materials into smaller pieces by
grinding, crushing, or cutting. There may be seie@ans for milling and many types of
materials processed in them. Such means of mithiag include: ball mill, bead mill, mortar and
pestle, roller press, and jet mill among otherimgllalternatives. One example of milling may be
jet milling. After the milling, the state of thelsbis changed, for example, the particle size, the
particle size disposition and the particle shapggragate milling processes may also be used to
remove or separate contamination or moisture frggregate to produce "dry fills" prior to
transport or structural filling. Some equipment nsaynbine various techniques to sort a solid
material into a mixture of particles whose sizbasinded by both a minimum and maximum
particle size. Such processing may be referred telassifiers” or “classification.”

Milling may be one aspect of cathode mixture praiduncfor uniform particle size
distribution of the cathode mixture ingredientsifdmm particle size in a cathode mixture may
assist in viscosity, rheology, electroconductiviapd other properties of a cathode. Milling may
assist these properties by controlling agglomematio a mass collection, of the cathode mixture
ingredients. Agglomeration — the clustering of disgte elements, which in the case of the
cathode mixture, may be carbon allotropes anditransnetal oxides — may negatively affect
the filling process by leaving voids in the desioathode cavity as illustrated in Fig. 11.

Also, filtration may be another important step ttoe removal of agglomerated or
unwanted particles. Unwanted particles may inclonkr-sized particles, contaminates, or other
particles not explicitly accounted for in the pregggon process. Filtration may be accomplished
by means such as filter-paper filtration, vacuultndiion, chromatography, microfiltration, and
other means of filtration.

In some examples, EMD may have an average pasi@deof 7 microns with a large
particle content that may contain particulatesaupliout 70 microns. In alternative examples, the
EMD may be sieved, further milled, or otherwiseasaped or processed to limit large particulate
content to below a certain threshold, for exampfemicrons or smaller.

The cathode may also comprise silver oxides, sttorides or nickel oxyhydroxide.
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Such materials may offer increased capacity argldesrease in loaded voltage during discharge
relative to manganese dioxide, both desirable pt@sen a battery. Batteries based on these
cathodes may have current examples present intiydarsd literature. A novel microbattery
utilizing a silver dioxide cathode may include admmpatible electrolyte, for example, one
comprising zinc chloride and/or ammonium chloridstéad of potassium hydroxide.

Some examples of the cathode mixture may inclug@yamneric binder. The binder may
serve a number of functions in the cathode mixfline. primary function of the binder may be to
create a sufficient inter-particle electrical netkwvbetween EMD particles and carbon patrticles.
A secondary function of the binder may be to féatié mechanical adhesion and electrical
contact to the cathode current collector. A thirddtion of the binder may be to influence the
rheological properties of the cathode mixture fdvantageous dispensing and/or
stenciling/screening. Still, a fourth function betbinder may be to enhance the electrolyte
uptake and distribution within the cathode.

The choice of the binder polymer as well as thewhto be used may be beneficial to
the function of the cathode in the electrochemiedll of the present invention. If the binder
polymer is too soluble in the electrolyte to bedjdben the primary function of the binder —
electrical continuity — may be drastically impactedhe point of cell non-functionality. On the
contrary, if the binder polymer is insoluble in #lectrolyte to be used, portions of EMD may be
ionically insulated from the electrolyte, resultimgdiminished cell performance such as reduced
capacity, lower open circuit voltage, and/or inseghinternal resistance.

The binder may be hydrophobic; it may also be hgdilec. Examples of binder
polymers useful for the present invention compR%#, polyisobutylene (PIB), rubbery triblock
copolymers comprising styrene end blocks such@setinanufactured by Kraton Polymers,
styrene-butadiene latex block copolymers, polyacitid, hydroxyethylcellulose,
carboxymethylcellulose, fluorocarbon solids suclpalytetrafluoroethylene, cements including
Portland cement, among others.

A solvent may be one component of the cathode max#isolvent may be useful in
wetting the cathode mixture, which may assist enghrticle distribution of the mixture. One
example of a solvent may be toluene. Also, a stafaanay be useful in wetting, and thus
distribution, of the cathode mixture. One examgla surfactant may be a detergent, such as
Triton™ QS-44 available from the Dow Chemical Companytofiri QS-44 may assist in the
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dissociation of aggregated ingredients in the ahaixture, allowing for a more uniform
distribution of the cathode mixture ingredients.

A conductive carbon may typically be used in thegpiction of a cathode. Carbon is
capable of forming many allotropes, or differemtistural modifications. Different carbon
allotropes have different physical properties allgyfor variation in electroconductivity. For
example, the “springiness” of carbon black may helh adherence of a cathode mixture to a
current collector. However, in energization elerseeguiring relatively low amounts of energy,
these variations in electroconductivity may be iegsortant than other favorable properties such
as density, particle size, heat conductivity, agldtive uniformity, among other properties.
Examples of carbon allotropes include: diamondplita, graphene, amorphous carbon
(informally called carbon black), buckminsterfubees, glassy carbon (also called vitreous
carbon), carbon aerogels, and other possible fofrnarbon capable of conducting electricity.
One example of a carbon allotrope may be graphite.

In some examples the cathode may be depositedaipdre wall or a wire form cathode
collector. Tube walls and wires may be metallisame examples and may have cathode
chemicals such as manganese dioxide electrodegagiten them. In other examples coatings of

electrolytic manganese dioxide may be formed u@thazle collectors.

Anodes and Anode Corrosion Inhibitors

The anode for the tube battery of the present inmemay, for example, comprise zinc.
In traditional zinc-carbon batteries, a zinc anod®y take the physical form of a can in which
the contents of the electrochemical cell may beainad. For the battery of the present
invention, a zinc can may be an example but thexg Ine other physical forms of zinc that may
prove desirable to realize ultra-small battery giesi

Electroplating of zinc is a process type in numsrimglustrial uses, for example, for the
protective or aesthetic coating of metal partsdme examples, electroplated zinc may be used
to form thin and conformal anodes useful for bagteof the present invention. Furthermore, the
electroplated zinc may be patterned in many diffecenfigurations, depending on the design
intent. A facile means for patterning electroplatett may be processing with the use of a
photomask or a physical mask. In the case of tiiéopiask, a photoresist may be applied to a

conductive substrate, the substrate on which ziag snbsequently be plated. The desired
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plating pattern may be then projected to the plesist by means of a photomask, thereby
causing curing of selected areas of photoresig.uFftured photoresist may then be removed
with appropriate solvent and cleaning techniquég fEsult may be a patterned area of
conductive material that may receive an electreglainc treatment. While this method may
provide benefit to the shape or design of the e plated, the approach may require use of
available photopatternable materials, which mayeh@nstrained properties to the overall cell
package construction. Consequently, new and noe#iads for patterning zinc may be required
to realize some designs of thin microbatteriehefgresent invention.

The zinc mask may be placed and then electroplafimge or more metallic materials
may be performed. In some examples, zinc may lmrefgated directly onto an
electrochemically compatible anode current colletdo such as brass. In alternate design
examples where the anode side packaging comprigely@er film or multi-layer polymer film
upon which seed metallization has been applied, zind/or the plating solutions used for
depositing zinc, may not be chemically compatibidthe underlying seed metallization.
Manifestations of lack of compatibility may incluélen cracking, corrosion, and/or exacerbated
H, evolution upon contact with cell electrolyte. brch a case, additional metals may be applied
to the seed metal to affect better overall chengoatpatibility in the system. One metal that
may find particular utility in electrochemical celbnstructions may be indium. Indium may be
widely used as an alloying agent in battery grade with its primary function being to provide
an anti-corrosion property to the zinc in the pnegeof electrolyte. In some examples, indium
may be successfully deposited on various seed limatains such as Ti-W and Au. Resulting
films of 1-3 microns of indium on said seed metaition layers may be low-stress and adherent.
In this manner, the anode-side packaging film d@tathed current collector having an indium
top layer may be conformable and durable. In soxaen@les, it may be possible to deposit zinc
on an indium-treated surface, the resulting depoaif be very non-uniform and nodular. This
effect may occur at lower current density settirigsexample, 20 amps per square foot (ASF).
As viewed under a microscope, nodules of zinc neagliserved to form on the underlying
smooth indium deposit. In certain electrochemiedll designs, the vertical space allowance for
the zinc anode layer may be up to about 5-10 mgctbick, but in some examples, lower current
densities may be used for zinc plating, and theltieg nodular growths may grow taller than

the desired maximum anode vertical thickness. it beathat the nodular zinc growth stems

64



10

15

20

25

30

from a combination of the high overpotential ofiumd and the presence of an oxide layer of
indium.

In some examples, higher current density DC plativay overcome the relatively large
nodular growth patterns of zinc on indium surfa¢es.example, 100 ASF plating conditions
may result in nodular zinc, but the size of theeziodules may be drastically reduced compared
to 20 ASF plating conditions. Furthermore, the nemif nodules may be vastly greater under
100 ASF plating conditions. The resulting zinc filnay ultimately coalesce to a more or less
uniform layer with only some residual feature otlntar growth while meeting the vertical space
allowance of about 5-10 microns.

An added benefit of indium in the electrochemical may be reduction of Hormation,
which may be a slow process that occurs in aquel@atrochemical cells containing zinc. The
indium may be beneficially applied to one or mof¢he anode current collector, the anode itself
as a co-plated alloying component, or as a sudaaing on the electroplated zinc. For the latter
case, indium surface coatings may be desirablyiegpipi-situ by way of an electrolyte additive
such as indium trichloride or indium acetate. Whaoh additives may be added to the
electrolyte in small concentrations, indium mayrgpoeously plate on exposed zinc surfaces as
well as portions of exposed anode current collector
Zinc and similar anodes commonly used in commepiatary batteries may typically be found
in sheet, rod, and paste forms. The anode of aatni@, biocompatible battery may be of similar
form, e.g. thin foil, or may be plated as previgusientioned. The properties of this anode may
differ significantly from those in existing battes, for example, because of differences in
contaminants or surface finish attributed to maicigrand plating processes. Accordingly, the
electrodes and electrolyte may require specialragging to meet capacity, impedance, and shelf
life requirements. For example, special platingcpss parameters, plating bath composition,
surface treatment, and electrolyte composition beaypeeded to optimize electrode

performance.

Biocompatibility Aspects of Batteries

The batteries according to the present invention Ingave important aspects relating to
safety and biocompatibility. In some examples,dyas for biomedical devices may need to

meet requirements above and beyond those for typseae scenarios. In some examples,
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design aspects may be considered in relation égsirg events. For example, the safety of an
electronic contact lens may need to be consideréuki event a user breaks the lens during
insertion or removal. In another example, desigreats may consider the potential for a user to
be struck in the eye by a foreign object. Stilttfier examples of stressful conditions that may be
considered in developing design parameters andreamts may relate to the potential for a user
to wear the lens in challenging environments Il énvironment under water or the
environment at high altitude in non-limiting exaregpl

The safety of such a device may be influencedlmynaterials that the device is formed
with or from; by the quantities of those materitsployed in manufacturing the device; and by
the packaging applied to separate the devices finensurrounding on- or in-body environment.
In an example, pacemakers may be a typical tyfeoofiedical device which may include a
battery and which may be implanted in a user foex@@ended period of time. In some examples,
such pacemakers may typically be packaged withegeldermetic titanium enclosures, or in
other examples, multiple layers of encapsulationefjing powered biomedical devices may
present new challenges for packaging, especiattgtygpackaging. These new devices may be
much smaller than existing biomedical devicesef@ample, an electronic contact lens or pill
camera may be significantly smaller than a paceméksuch examples, the volume and area
available for packaging may be greatly reducedadwvantage of the limited volume may be that
amounts of materials and chemicals may be so smatl inherently limit the exposure potential
to a user to a level below a safety limit.

The tube based approach particularly when it inreliermetic seals may provide means
to enhance biocompatibility. Each of the tube congots may provide significant barrier to
ingress and egress of materials. Further, with nzdirtiye hermetic sealing processes as have

been described herein, a battery may be formed#sasuperior biocompatibility.

Contact Lens Skirts

In some examples, a preferred encapsulating mhbtieatamay form an encapsulating
layer in a biomedical device may include a silicanataining component. In an example, this
encapsulating layer may form a lens skirt of a aonlens. A “silicone-containing component” is
one that contains at least one [-Si-O-] unit in@omer, macromer or prepolymer. Preferably,

the total Si and attached O are present in theosiéi-containing component in an amount greater
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than about 20 weight percent, and more preferatagtgr than 30 weight percent of the total
molecular weight of the silicone-containing compané&seful silicone-containing components
preferably comprise polymerizable functional grospsh as acrylate, methacrylate, acrylamide,
methacrylamide, vinyl, N-vinyl lactam, N-vinylamidand styryl functional groups.

In some examples, the ophthalmic lens skirt, adled an insert-encapsulating layer,
that surrounds the insert may be comprised of stahlaydrogel ophthalmic lens formulations.
Exemplary materials with characteristics that mepvgle an acceptable match to numerous
insert materials may include, the Narafilcon fanfifycluding Narafilcon A and Narafilcon B),
and the Etafilcon family (including Etafilcon A).#ore technically inclusive discussion follows
on the nature of materials consistent with thdnarein. One ordinarily skilled in the art may
recognize that other material other than thoseudsed may also form an acceptable enclosure
or partial enclosure of the sealed and encapsuiasedts and should be considered consistent
and included within the scope of the claims.

Suitable silicone containing components include poamds of Formula |

I I I
R1-Si—0-Si0-Si-R!
RU| RY RE
b
where
R1 is independently selected from monovalent reagroups, monovalent alkyl groups,
or monovalent aryl groups, any of the foregoingalhinay further comprise functionality
selected from hydroxy, amino, oxa, carboxy, allafdboxy, alkoxy, amido, carbamate, carbonate,
halogen or combinations thereof; and monovaleokaile chains comprising 1-100 Si-O repeat
units which may further comprise functionality ssés from alkyl, hydroxy, amino, oxa,
carboxy, alkyl carboxy, alkoxy, amido, carbamatdpgen or combinations thereof;
where b = 0 to 500, where it is understood thatnwhes other than 0, b is a distribution
having a mode equal to a stated value;
wherein at least one R1 comprises a monovalentiveagroup, and in some examples

between one and 3 R1 comprise monovalent reaatougog.
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As used herein “monovalent reactive groups” areigsdhat may undergo free radical
and/or cationic polymerization. Non-limiting exareplof free radical reactive groups include
(meth)acrylates, styryls, vinyls, vinyl ethers, Galkyl(meth)acrylates, (meth)acrylamides,
C1-6alkyl(meth)acrylamides, N-vinyllactams, N-viaghides, C2-12alkenyls,
C2-12alkenylphenyls, C2-12alkenylnaphthyls, C2-6aikphenylC1-6alkyls, O-
vinylcarbamates and O-vinylcarbonates. Non-limitaxgmples of cationic reactive groups
include vinyl ethers or epoxide groups and mixtuheseof. In one embodiment the free radical
reactive groups comprises (meth)acrylate, acrylgxgth)acrylamide, and mixtures thereof.

Suitable monovalent alkyl and aryl groups includsubstituted monovalent C1 to
Cl6alkyl groups, C6-C14 aryl groups, such as suitetl and unsubstituted methyl, ethyl,
propyl, butyl, 2-hydroxypropyl, propoxypropyl, p&thyleneoxypropyl, combinations thereof
and the like.

In one example, b is zero, one R1 is a monovakatdtive group, and at least 3 R1 are
selected from monovalent alkyl groups having ongg&earbon atoms, and in another example
from monovalent alkyl groups having one to 6 carbtoms. Non-limiting examples of silicone
components of this embodiment include 2-methyly@rbxy-3-[3-[1,3,3,3-tetramethyl-1-
[(trimethylsilyl)oxy]disiloxanyl]propoxy]propyl estr (“SIGMA”),

2-hydroxy-3-methacryloxypropyloxypropyl-tris (trirtig/lsiloxy)silane,

3-methacryloxypropyltris(trimethylsiloxy)silane (RIS"),
3-methacryloxypropylbis(trimethylsiloxy)methylsilarand
3-methacryloxypropylpentamethyl disiloxane.

In another example, b is 2 to 20, 3 to 15 or ins@xamples 3 to 10; at least one
terminal R1 comprises a monovalent reactive groupthe remaining R1 are selected from
monovalent alkyl groups having 1 to 16 carbon atansd in another embodiment from
monovalent alkyl groups having 1 to 6 carbon atdmget another embodiment, b is 3 to 15,
one terminal R1 comprises a monovalent reactivagrthe other terminal R1 comprises a
monovalent alkyl group having 1 to 6 carbon aton the remaining R1 comprise monovalent
alkyl group having 1 to 3 carbon atoms. Non-lingtexamples of silicone components of this
embodiment include (mono-(2-hydroxy-3-methacrylamogyl)-propyl ether terminated
polydimethylsiloxane (400-1000 MW)) ("OH-mPDMS") omomethacryloxypropyl terminated
mono-n-butyl terminated polydimethylsiloxanes (800 MW), (“mPDMS”).
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In another example, b is 5 to 400 or from 10 to,3@@h terminal R1 comprise
monovalent reactive groups and the remaining RInaependently selected from monovalent
alkyl groups having 1 to 18 carbon atoms, which imaye ether linkages between carbon atoms
and may further comprise halogen.

In one example, where a silicone hydrogel lene®srdd, the lens of the present
invention may be made from a reactive mixture casipg at least about 20 and preferably
between about 20 and 70%wt silicone containing @mepts based on total weight of reactive
monomer components from which the polymer is made.

In another embodiment, one to four R1 compris@sy carbonate or carbamate of the
formula:

Formula Il
R Q
H2C=C—(CHy)q-O-C~Y

wherein: Y denotes O-, S- or NH-;

R denotes, hydrogen or methyl; dis 1, 2, 3 omdl, qis O or 1.

The silicone-containing vinyl carbonate or vinytlzamate monomers specifically
include: 1,3-bis[4-(vinyloxycarbonyloxy)but-1-ylimmethyl-disiloxane; 3-
(vinyloxycarbonylthio) propyl-[tris (trimethylsilo®silane]; 3-[tris(trimethylsiloxy)silyl] propyl
allyl carbamate; 3-[tris(trimethylsiloxy)silyl] ppyl vinyl carbamate; trimethylsilylethyl vinyl

carbonate; trimethylsilylmethyl vinyl carbonatedan

ﬁ chs | oms | CH3 |c|>

HaC==C—0CO(CHy)— $i——0— Si——01——8i——(CH),0CO—C==CH,

CHj CHg CHg
L 125

Where biomedical devices with modulus below ab@@ 2re desired, only one R1 shall
comprise a monovalent reactive group and no mane tvo of the remaining R1 groups may
comprise monovalent siloxane groups.

Another class of silicone-containing components$udes polyurethane macromers of the

following formulae:
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Formulae IV-VI
(*D*A*D*G)a *D*D*E1;

E(*D*G*D*A)a *D*G*D*EL1 or;
E(*D*A*D*G)a *D*A*D*E1

5
wherein:
D denotes an alkyl diradical, an alkyl cycloalkyladiical, a cycloalkyl diradical, an aryl
diradical or an alkylaryl diradical having 6 to 8@rbon atoms,
G denotes an alkyl diradical, a cycloalkyl diradli@a alkyl cycloalkyl diradical, an aryl
10 diradical or an alkylaryl diradical having 1 to d@rbon atoms and which may contain ether, thio
or amine linkages in the main chain;
* denotes a urethane or ureido linkage;
ais at least 1;
A denotes a divalent polymeric radical of formula:
15 Formula VII
R11 independently denotes an alkyl or fluoro-suitd alkyl group having 1 to10
carbon atoms, which may contain ether linkages éetvwcarbon atoms; y is at least 1; and p
provides a moiety weight of 400 to 10,000; eack a@ihd E1 independently denotes a
20 polymerizable unsaturated organic radical represkby formula:

Formula VIII

R12
RISCH=C—(CHahw—(Xx— @z (Ay—RU4—
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wherein: R12 is hydrogen or methyl; R13 is hydroganalkyl radical having 1 to 6
carbon atoms, or a —CO—Y—R15 radical wherein Y i©®—Y—S— or —NH—; R14 is a
divalent radical having 1 to 12 carbon atoms; Xalea —CO— or —OCO—; Z denotes —O—
or —NH—; Ar denotes an aromatic radical having @@ocarbon atoms; w is 0 to 6; x is 0 or 1;
yisOor1l;andzisOor1.

A preferred silicone-containing component is a podyhane macromer represented by
the following formula:

Formula IX
CH; CHg o o o o CH
Q Q ? Q Q Y I [ I [ |
CH,=C~COCH,CHj{~ OCN\-R16~ NCOCH,CH,0CH, CH,0CN- R16-NCO(CHy) - S0 Si— (CHp) T OCN— Ry 6~ NCOCH,CH,0CH, CH,0CN— R16— NCO— CH,CH,C00C=ChH,
CH, H H H H bl
CHg CHs H H H H

wherein R16 is a diradical of a diisocyanate aenoval of the isocyanate group, such
as the diradical of isophorone diisocyanate. Anosigable silicone containing macromer is
compound of formula X (in which x + y is a numbeitihe range of 10 to 30) formed by the
reaction of fluoroether, hydroxy-terminated polyeéimmylsiloxane, isophorone diisocyanate and
isocyanatoethylmethacrylate.

Formula X

Other silicone containing components suitable && i this invention include
macromers containing polysiloxane, polyalkyleneegtdiisocyanate, polyfluorinated
hydrocarbon, polyfluorinated ether and polysacaw®agroups; polysiloxanes with a polar
fluorinated graft or side group having a hydrogemaattached to a terminal difluoro-
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substituted carbon atom; hydrophilic siloxanyl naettylates containing ether and siloxanyl
linkanges and crosslinkable monomers containinggtber and polysiloxanyl groups. In some
examples, the polymer backbone may have zwitteliwcmporated into it. These zwitterions
may exhibit charges of both polarity along the paody chain when the material is in the
presence of a solvent. The presence of the zvattennay improve wettability of the

polymerized material. In some examples, any ofdinegoing polysiloxanes may also be used as
an encapsulating layer in the present invention.

The biocompatible batteries may be used in biocaipadevices such as, for example,
implantable electronic devices, such as pacemaketsnicro-energy harvesters, electronic pills
for monitoring and/or testing a biological functjiaurgical devices with active components,
ophthalmic devices, microsized pumps, defibrillafj@tents, and the like.

Specific examples have been described to illussateple embodiments for the cathode
mixture for use in biocompatible batteries. Thesangples are for said illustration and are not
intended to limit the scope of the claims in anynmex. Accordingly, the description is intended

to embrace all examples that may be apparent setbkilled in the art.
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WHAT ISCLAIMED IS:

1. A biomedical device comprising:
an electroactive component;

a battery comprising:
an anode current collector;
a cathode current collector;

an anode extending along an arcuate path;

a generally planar cathode extending along theaséequath, wherein the

anode is positioned above the cathode;

a separator positioned between the anode and tthedeg wherein the

separator extends along the arcuate path;

an electrolyte positioned generally surroundingahede, the cathode and

the separator to provide ionic conductivity betwd#emanode and the cathode;

flexible packaging generally surrounding the andle,cathode, the
cathode current collector, the separator, andldgwtrelyte, wherein the anode
collector extends through the flexible packagirangla first vector along the
arcuate path, and the cathode collector extendsighrthe flexible packaging

along a second vector along the arcuate path;

an encapsulating copper layer surrounding thelflexpackaging, wherein
one of the anode collector or the cathode collestaot surrounded by the
encapsulating copper, and wherein at least a poofithe copper layer is

deposited to the flexible packaging with electrslpkating; and

a hydrogel layer, wherein the hydrogel layer stovater and wherein the
water of the hydrogel layers may diffuse to cathade separator layers within

the battery; and
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a first biocompatible encapsulating layer, whetbmfirst biocompatible
encapsulating layer encapsulates at least the@etive component and
the battery.

2. A method of manufacturing a micro-battery compigsin

obtaining a cathode collector;

attaching a cathode to the cathode collector witbraductive adhesive;

obtaining an anode collector;

obtaining an anode;

stacking the cathode collector, the cathode, tloelanthe anode collector, and a separator,
wherein the separator lies between the cathodéhenanode;

surrounding the stack with a first and second Bexplastic sheet;

welding the first and second flexible plastic sedeteach other with a first ultrasonic weld,
wherein the first ultrasonic weld surrounds thelsi@ong a first portion of two sides,
wherein a second portion of the two sides compuasisport for the micro-battery;

filling an electrolyte within the fill port;

welding the second portion of the two sides offttet and second flexible plastic sheets,
wherein the welding of the second portion sealdithgort;

depositing an electroless plated layer of coppamngh portion of the micro-battery; and

depositing a hydrogel layer adjacent to one or nedtae cathode and the separator.
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